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ABSTRACT
Particulate matter (PM) is a major primary pollutant emitted during wildland fires that has the 
potential to pose significant health risks to individuals/communities who live and work in areas 
impacted by smoke events. Limiting exposure is the principle measure available to mitigate health 
impacts of smoke and therefore the accurate determination of ambient PM concentrations during 
wildland fire events is critical to protecting public health. However, monitoring air pollutants in 
smoke impacted environments has proven challenging in that measurement interferences or 
sampling conditions can result in both positive and negative artifacts. The EPA has performed 
research on methods for the measurement of PM2.5 in a series of laboratory-based studies 
including evaluation in smoke. This manuscript will summarize the results of the laboratory- 
based evaluation of federal equivalent method (FEM) monitors for PM2.5 with particular attention 
being given to the Teledyne-API Model T640 PM Mass monitor, as compared to the filter-based 
federal reference method (FRM). The T640 is an optical-based PM monitor and has been gaining 
wide use by state and local agencies in monitoring for PM2.5 U.S. National Ambient Air Quality 
Standards (NAAQS) attainment. At present, the T640 (includes both T640 and T640×) comprises 
~44% of the PM2.5 FEM monitors in U.S. regulatory monitoring networks. In addition, the T640 has 
increasingly been employed for the higher time resolution comparison/evaluation of low-cost PM 
sensors including during smoke impacted events. Results from controlled non-smoke laboratory 
studies using generated ammonium sulfate aerosols demonstrated a generally negative T640 
measurement artifact that was significantly related to the PM2.5 concentration and particle size 
distribution. Results from biomass burning chamber studies demonstrated positive and negative 
artifacts significantly associated with PM2.5 concentration and optical wavelength-dependent 
absorption properties of the smoke aerosol.

Implications: The results detailed in this paper will provide state and local air monitoring 
agencies with the tools and knowledge to address PM2.5 measurement challenges in areas 
frequently impacted by wildland fire smoke. The observed large positive and negative artifacts 
in the T640 PM mass determination have the potential to result in false exceedances of the PM2.5 
NAAQS or in the disqualification of monitoring data through an exceptional event designation. In 
addition, the observed artifacts in smoke impacted air will have a detrimental effect on providing 
reliable public information when wildfires occur and also in identifying reference measurements 
for small sensor evaluation studies. Other PM2.5 FEMs such as the BAM-1022 perform better in 
smoke and are comparable to the filter-based FRM. Care must be taken in choosing high time 
resolution FEM monitors that will be operated at smoke impacted sites. Accurate methods, such as 
the FRM and BAM-1022 will reduce the burden of developing and reviewing exceptional event 
request packages, data loss/disqualification, and provide states with tools to adequately evaluate 
public exposure risks and provide accurate public health messaging during wildfire/smoke events.
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Introduction

Due to environmental regulations including setting new 
and revising existing National Ambient Air Quality 
Standards (NAAQS, EPA 2013), PM2.5 concentrations 
have declined over the past decades (Aguilera et al. 2021; 

Lurmann, Avol, and Gilliland 2015; McClure and Jaffe 
2018) except in wildfire prone areas (Aguilera et al. 
2021; McClure and Jaffe 2018). Western U.S. wildfires 
have been increasing in size and intensity in recent 
decades due to factors including climate change and 
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land management practices (Landis et al. 2018; U.S. 
Department of Agriculture [USDA] 2016; USDA 2014; 
Westerling 2016; Westerling et al. 2014; Yue et al. 2013). 
Wildland fire smoke is a major source of fine particulate 
matter with a mass median aerodynamic diameter <2.5 
μm (PM2.5) that is released into the ambient air (Reid et 
al. 2005; Urbanski et al. 2018; Xu et al. 2022) resulting in 
adverse effects on air quality and posing a significant 
risk to human health (Aguilera et al. 2021; Gan et al. 
2017; Gupta et al. 2018; Liu et al. 2015; McClure and 
Jaffe 2018). Limiting exposure is the principal measure 
available to mitigate negative public health outcomes 
and air quality impacts of smoke. Therefore, the accu
rate determination of PM2.5 concentrations during wild
land fire events provides information necessary for time 
critcial mitigation strategies to reduce health impacts 
and protect public health. Additionally, new non-regu
latory monitoring methodologies based upon small sen
sor technology are also gaining traction resulting in a 
critical need for accurate monitoring in both smoke and 
non-smoke impacted ambient air (Holder et al. 2020; 
Kelleher et al. 2018; Landis et al. 2021; Mehadi et al. 
2020; EPA 2019).

The U.S. Federal Reference Method (FRM) for the 
determination of PM2.5 in the Atmosphere (Noble et 
al. 2001; EPA 1997) is technically sound (Peters et al. 
2001), has served for decades in monitoring attain
ment to NAAQS for PM2.5, and has been used as a 
reference for comparison of other monitoring meth
ods (Le et al. 2020). The integrated nature of the FRM, 
where a sample is collected on Teflon® filter media 
over a 24-h period with subsequent gravimetric deter
mination of the collected mass, results in data not 
being available for weeks or even months after the 
sampling period has ended. Higher time resolution 
(1–60 min), continuous PM2.5 monitoring methods 
have been developed and, in some cases, when desig
nated as Federal Equivalent Methods (FEM) by the 
EPA, can be used in lieu of the FRM for monitoring 
attainment to the PM2.5 NAAQS. The transient and 
rapidly changing nature of wildfire smoke events 
makes higher time resolution FEM monitoring meth
ods desirable to track those changing conditions, 
communicate to the public (AirNow 2022), and assess 
the performance of non-regulatory sensors, which 
also operate on higher time resolution (i.e., minutes). 
In addition, the capability of automated high-time 
resolution PM2.5 monitors can be incorporated into 
online platforms and provide real-time information 
visualization of data to monitoring agencies, air qual
ity researchers, and to the public. Prior to being 
designated as an FEM, candidate methods must per
form to prescribed standards relative to the FRM, per 

requirements detailed in 40 CFR Part 53. Generally, 
FEM designated PM2.5 monitors correlate well and 
agree with FRM results over 24-h sampling periods. 
However, under some sampling conditions, including 
at higher PM2.5 concentrations (>80 μg m−3) and 
during smoke impacts, significant divergence is 
observed (Hagler et al. 2022; Landis et al. 2021; Le et 
al. 2020).

This study investigates the measurement artifacts 
associated with the Teledyne-API Model T640 PM 
Mass Monitor, an EPA designated FEM, in smoke-free 
laboratory chamber-based studies and during controlled 
burn experiments in a large-scale combustion chamber. 
The T640 is an optical-based PM monitor and has been 
gaining wide use by state and local agencies in monitor
ing for PM2.5 NAAQS attainment. At present (2022), the 
T640 (includes both T640 and T640×) comprises ~44% 
of the PM2.5 FEM monitors in U.S. regulatory monitor
ing networks. In addition, the T640 has increasingly 
been employed for the higher time resolution compar
ison/evaluation of low-cost PM sensors including dur
ing smoke impacted events. As such, understanding the 
performance capabilities of the T640 both in and out of 
smoke impacted environments is desirable. Hourly 
averaged T640 PM2.5 mass concentration results were 
directly compared to collocated filter-based FRM results 
collected over identical time periods. Additional mea
surements of PM2.5 mass (using an alternate designated 
FEM), particle size distributions, aerosol optical proper
ties, and individual burn modified combustion efficien
cies (MCE; Urbanski 2013) were also calculated to assist 
in identifying significant factors contributing to the 
observed artifacts. Based on the results from the mea
surements, the magnitude of the observed artifact was 
quantified under various controlled smoke and non- 
smoke conditions, provides statistically significant cov
ariates to the T640 measurement artifacts, and discusses 
potential underlying causes of the artifacts.

Methods and study locations

Overview of methods evaluated

In this study, the continuous PM2.5 mass measurement 
results from the Teledyne T640 were compared to col
located filter-based FRM samples collected over 1-hr 
sampling periods in a series of chamber experiments. 
These experiments included the generation of polydis
perse ammonium sulfate ((NH4)2SO4) particles into a 
laminar flow clean air stream and biomass burning 
smoke using different fuels and burning conditions 
under static conditions. All instruments/samplers were 
operated according to their FRM and FEM designation. 
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The measurement principle, designation (FRM versus 
FEM), and deployment information for the instru
ments/samplers under investigation and additional 
measurements used in this manuscript are summarized 
in Table 1, Table S1, Table S2 and are described in 
Sections 2.1.1-2.1.6. Initial studies in the absence of 
smoke were carried out at the EPA Office of Research 
and Development Human Studies Research facility in 
Chapel Hill, North Carolina in March 2018. Laboratory- 
based chamber burns at the U.S. Forest Service (USFS) 
Fire Sciences Laboratory (FSL) in Missoula, Montana 
were conducted during April 2018, April 2019, and 
April 2021 campaigns. Fuels for the laboratory-based 
chamber burns consisted of ponderosa pine, larch, and 
Douglas fir needles, cones, and fine woody debris. 
Details of the Chapel Hill and Missoula chambers are 
provided in Sections 2.2.1 and 2.2.2, respectively.

Teledyne API T640
The Teledyne API (San Diego, CA, USA) Model T640 is 
a real-time, continuous PM mass monitor that uses 
scattered light spectrometry for measurement. The 
T640 is an EPA designated FEM for PM2.5 mass (EPA 
2016). The T640 continuously samples ambient air at a 
volumetric flow rate of 5 l min−1 through a non-size 
selective inlet followed by passage through a sample 
conditioning downtube where a heater is used to ensure 
that the sampled aerosol’s relative humidity (RH) does 
not exceed 35%. The T640 estimates PM2.5 mass con
centration based on an undisclosed proprietary algo
rithm which converts measured aerosol light scattering 
(σsp) in the white light wavelengths range, to PM2.5 mass 
concentration. Aerosol light scattering is generated 
using a polychromatic LED light source. 
Concentrations are measured by the T640 on a 1-min 
average time scale and the 10-min rolling average of 
PM2.5 mass concentration is reported at a resolution of 
0.1 μg m−3. During the chamber studies (Table 1), the 
T640s conducted 60 separate 1-min PM2.5 concentra
tion measurements per hour which were then averaged 
for comparison to 1-hr integrated samples obtained 
from the reference FRMs (section 2.1.3). T640 data 
were collected and stored through internal data storage 
and via an Envidas Ultimate (DR DAS, Granville, OH, 
USA) data acquisition system (DAS). During all 

chamber study periods, T640s were collocated near 
(~1 m) FRM reference samplers. Four individual T640 
units (serial numbers 294, 295, 296, and 661) were 
deployed at various times during this study and are 
detailed in Table S1.

Met One BAM 1022
1-h average PM2.5 mass concentrations during the 2021 
chamber study were obtained using the Met One Model 
BAM-1022 (Grants Pass, OR, USA) as given in Table 1. 
The BAM-1022 is an EPA designated FEM for PM2.5 

(EPA 2015). The BAM-1022 continuously samples 
ambient air through an EPA-approved louvered PM10 

inlet at a volumetric flow rate of 16.7 l min−1. The 
sampled PM10 aerosol is further fractionated into a 
PM2.5 aerosol downstream of the inlet via an EPA- 
approved very sharp cut cyclone (VSCC-Mesa Labs, 
Butler, NJ, USA). Downstream of the VSCC, a heater 
ensures that the RH of the PM2.5 aerosol does not exceed 
35%. The resulting size fractionated, RH conditioned 
aerosol is then collected on a glass-fiber filter tape and 
its mass is measured by the aerosol attenuation of a 14C 
beta radiation source and mass concentration deter
mined by dividing the sampled mass by the volume of 
air sampled. The BAM-1022 employs an in-line sam
pling geometry in which the attenuation of beta rays 
across filter media is measured and particulate matter is 
sampled simultaneously, resulting in higher time reso
lutions (15 min; ConcS) and samples for a longer pro
portion of the time (59 versus 42 min) than the previous 
generation BAM-1020 (Met One 2021, 2022). However, 
for the purposes of this study, PM2.5 mass concentra
tions are reported by the BAM-1022 on an hourly basis 
(ConcHR). BAM-1022 data were collected and stored 
through internal data storage and via an Envidas 
Ultimate DAS. The BAM-1022 was collocated near (~1 
m) a T640/FRM pair.

Filter-based FRM
PM2.5 reference measurements were performed accord
ing to EPA FRM criteria as described in 40 CFR Part 50 
Appendix L. Samples were collected using Tisch 
Environmental (Cleves, OH, USA) Model TE-WILBUR 
filter-based FRM samplers as given in Table 1. Per 40 
CFR Part 50 Appendix L, FRM sampling protocol 

Table 1. PM measurement methods.
Manufacturer Model Measurement Parameter Measurement Principle FRM/FEM Time Resolution Deploymenta

Integrated Filter-Based Samplers
Tisch Environmetal Tisch-Wilbur PM Mass Gravimetric FRM 1 Hrb CH, C1, C2, C3

Semi-Continuous Samplers
Teledyne API T640 PM Mass Light Scattering FEM 1 min CH, C1, C2, C3
Met One BAM-1022 PM Mass Beta Attenuation FEM 1 Hr C3

aCH-Chapel Hill chamber 2018; C1-Missoula chamber April 2018; C2-Missoula chamber April 2019; C3-Missoula chamber April 2021. 
bPer 40 CFR Part 50 Appendix L, PM2.5 FRM samples are collected over 24 hr sampling periods, for this study the sampling period was reduced to 1-hr.
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dictates that samples be collected over a 24-h time period 
at a flow rate of 16.7 l min−1. However, for the purposes 
of this study, FRM samples were collected over 1-h sam
pling periods to maximize the number of samples col
lected over short study periods and due to the high PM 
concentrations generated in the chambers during this 
study. Each PM2.5 Tisch FRM used a standard EPA 
PM10 louvered inlet coupled with a BGI (Model 
VSCCA) VSCC for PM2.5 fractionation. FRM samplers 
were collocated near (~1 m) T640 and BAM-1022 moni
tors. Four individual FRM samplers (serial numbers 16, 
20, 21, and 22) were deployed during the studies and are 
detailed in Table S1.

FRM sample filter media consisted of Measurement 
Technology Laboratories (MTL, Minneapolis, MN, 
USA) Model PT47P polytetrafluoroethylene (PTFE) 2 
µm pore size pressure drop equivalent membrane filters 
with a hydro-inert support ring. Filters were weighed in 
accordance with EPA Guidance Document 2.12 (EPA 
2016) for monitoring PM2.5 in ambient air in the EPA 
National monitoring program reference weighing 
laboratory (Research Triangle Park, NC, USA). Filters 
were weighed both before and after sample collection by 
an MTL Model AH1 automated robotic weighing 
instrument. Prior to weighing, filters were equilibrated 
for a minimum of 24-h in a temperature and humidity 
controlled clean room. The AH1 used a Mettler-Toledo 
(Columbus, OH, USA) Model XP2U micro balance with 
a readability of up to 0.1 μg. The response of the micro 
balance was checked every ten filters by verification of 
Class 0 weight standards from Rice Lake Weighing 
Systems (Rice Lake, WI, USA). Filter weights were per
formed in triplicate and were accepted as valid if the 
response to the weight standards was ± 5 µg. FRM 
sampler operation and pre-/post-sample filter weighing 
during this study period have been described previously 
by Krug et al. (2021).

PM size distribution measurements
Ambient aerosol size distributions were monitored 
using a TSI Incorporated (Shoreview, MN, USA) 
Model 3321 Aerodynamic Particle Sizer (APS) as 
detailed in Table S2. During Chapel Hill chamber 
experiments, the instrument was placed on the chamber 
floor and in the FSL chamber burn sampling the APS 
was placed on a table within the designated smoke 
chamber sampling area and located within 2 m of the 
T640s and FRMs. The instruments were configured 
with the Stokes correction off, the lower channel 
bound 0.487 μm, and the upper channel bound 20.535 
μm. During the Chapel Hill study, the sampling time 
was set to 5 sec and the density was set to 1.7 g cm−3 

(ammonium sulfate), and during the FSL chamber 

studies the sampling time was set to 10 sec and the 
density was set to the default value of 1.0 g cm−3 

(unknown smoke aerosol density). The APS calculated 
mass median aerodynamic diameter (MMAD) values 
were extracted from the mass (dM) exported files to 
investigate the effect of aerosol size distribution on 
T640 response. The APS was factory cleaned and cali
brated by TSI in 2018, 2019, and 2021 prior to each 
year’s sampling campaign.

Magee AE33 Aethalometer
Continuous optical black carbon (BC) aerosol measure
ments were made using a Magee Scientific (Berkeley, 
CA, USA) Model AE33 seven wavelength spectrum 
Aethalometer equipped with a Magee Scientific Model 
5610 sample stream dryer and BGI (Waltham, MA, 
USA) Model SCC-1.829 sharp cut PM2.5 cyclone as 
given in Table S3. Reported BC concentrations repre
sent the self-adsorption compensated BC6 (880 nm) 
infrared channel. Other reported channels include self- 
adsorption compensated BC1 (370 nm); BC2 (470 nm); 
BC3 (520 nm); BC4 (590 nm) BC5 (660 nm); and BC7 
(950 nm). Performance of the AE33 light emitting diode 
(LED) optical benches were verified prior to and after 
each chamber testing campaign using the Magee 
Scientific Model 7662 neutral density optical filter vali
dation kit. The Magee AE33 measurement principle and 
real-time loading effect compensation algorithm based 
on two parallel spot measurements has been described 
previously by Drinovec et al. (2015). Results obtained 
from the AE33 are indicative of the optical properties of 
the smoke aerosols and for the purposes of this paper 
were averaged to the 1-Hr filter-based FRM sample 
periods. Delta-C or ΔC (Allen, Babich, and Poirot 
2004) is an objective measure of the wavelength (λ) 
dependence of aerosol optical absorption between the 
AE33 ultraviolet (UV; 370 nm) and infrared (IR; 880 
nm) channels and was calculated using Equation 1. 

ΔC ¼ BC1 370nmð Þ � BC6 880nmð Þ (1) 

CO/CO2 measurements
Carbon monoxide (CO) and carbon dioxide (CO2) were 
determined at 1 hz resolution with a Picarro (Santa 
Clara, CA, USA) Model G2401 Cavity Ringdown 
Spectroscopy (CRDS) instrument. Data was recorded 
via internal data storage. A three-point calibration 
using gas mixtures of CO and CO2 in scientific grade 
zero air was run daily to maintain accuracy of the CRDS 
measurements. CRDS CO/CO2 data was used in deter
mining MCE of individual burns as described in Landis 
et al. (2021).
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Temperature, pressure, and flow calibration of 
measurement instruments
Leak checks and calibrations of sampler temperature, 
pressure, and flow rates were performed at the begin
ning and midway through each study period followed 
by post-study flow/temperature/pressure verifications. 
All calibrations and verifications/audits were performed 
using the Mesa Labs BGI (Butler, NJ, USA) TetraCal®. 
To ensure that the same periods were sampled by all 
instruments, internal analyzer/sampler clocks were syn
chronized at the beginning of each sampling day.

Chamber-based study site locations

2018 Chapel Hill ammonium sulfate aerosol chamber 
study
Initial testing of the T640 versus the PM2.5 FRM in the 
absence of smoke was carried out at the EPA Office of 
Research and Development human studies research 
facility in Chapel Hill, North Carolina (Ghio et al. 
2012) as part of the EPA Wildland Fire Sensor 
Challenge (Landis et al. 2021). Tests were conducted 
over a predetermined range of target PM concentrations 
at varying temperature and relative humidity conditions 
as described in Landis et al. (2021). Single component 
PM2.5 test aerosols consisting of ammonium sulfate 
((NH4)2SO4) were generated using a TSI Model 9306 
Six-Jet Atomizer. The T640 and FRM sampled from a 
4.8 × 5.8 × 3.2 m stainless-steel exposure chamber with a 
single-pass laminar flow (ceiling to floor) air system 
with approximately 40 air changes per hour (113 m3 

min−1). The outside air was purified by passing through 
a bed of Purafil® (KMnO4 on an alumina substrate) and 
a bed of Purafil Corporation (Doraville, GA) Puracol® 
activated charcoal, dehumidified, passed through a bed 
of Hopcalite® (copper and magnesium oxide), and sent 
to the Clean Air Plenum. The chamber air was taken 
from the Clean Air Plenum, brought to the proper test 
protocol conditions by being heated/cooled and humi
dified with deionized water. Target pollutants were 
injected into the air stream before passing through a 
mixing baffle and entering the top of the chamber. The 
filter-based FRM and the T640 continuous monitor 
sampled from a shared port, which penetrated the side 
of the chamber.

USFS Missoula FSL burn chamber studies
The laboratory-based burn chamber studies were per
formed at the U.S. Forest Service’s combustion testing 
facility at the FSL in Missoula, Montana by EPA and 
USFS personnel. These static chamber burns occurred 
in the spring of 2018 (April 16–24, 2018; 33 burns; 

Landis et al. 2021; Whitehill et al. 2022), the spring of 
2019 (April 15–26, 2019; 31 burns; Krug et al. 2021), 
and again in the Spring of 2021 (April 12–24, 2021; 40 
burns; Long et al. 2021). For the purposes of this 
manuscript, the three chamber burn study periods 
were combined into a single data set since the studies 
were procedurally identical with only minor differ
ences in fuels and burning conditions. The main com
bustion chamber is a square room with internal 
dimensions 12.4 × 12.4 × 19.6 m high and a total 
volume of 3000 m3 and has been described previously 
(Christian et al. 2004; Landis et al. 2021). Each T640 
instrument was collocated with a PM2.5 FRM sampler 
at a distance of approximately 1 m. Fuel beds consist
ing of ponderosa pine, larch, and Douglas fir needles 
and mixed woody debris were prepared and placed in 
the middle of chamber. The amount and moisture 
content of the fuels were varied to generate different 
flaming/smoldering conditions during the burns. 
During the chamber burns, the combustion room was 
sealed and the fuel bed was ignited. Two large circula
tion fans on the chamber walls and one on the ceiling 
facilitated mixing and assured spatially homogeneous 
conditions during the burn periods (Landis et al. 2021). 
The chamber is not hermetically sealed and some air 
exchange with the outdoor ambient air does occur 
resulting in a slow dilution with ambient air during 
containment of the smoke. A slow decrease in the 
particle concentration due to dilution with ambient 
air over the 1-hr sampling period will not be dissimilar 
to the dynamic conditions of ambient air monitoring 
during smoke events. In general, chamber RH values 
were below 50% facilitating dry burning condition.

Statistical analysis

Data processing and all statistical analyses were per
formed using SAS v.9.4 (SAS Institute, Cary, NC, 
USA). FEM instrument PM2.5 measurement accuracy  
versus the FRM was calculated using Equation (2), and 
the precision of collocated FRM and FEM samplers was 
calculated using the coefficient of variation or relative 
standard deviation using Equation (3). 

Accuracy %ð Þ ¼ 100 �
�X � �Rj j

�R

� �

� 100 (2) 

Where X is the reported FEM concentration and R is the 
FRM concentration. 

Precision %ð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P xi� �xð Þ

2

n� 1ð Þ

q

�x
� 100 (3) 
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Where �x = mean of collocated PM2.5 concentrations, 
P

xi � �xð Þ
2 = the sum of square of differences between 

individual collocated PM2.5 concentrations and the 
mean, and n = the number of collocated PM2.5 

observations.
Parametric statistics used in this analysis include 

polynomial (e.g., linear, quadratic, cubic) least squares 
regression and multilinear regression (MLR) analysis. 
The assumptions of the parametric procedures were 
examined using residual plots, skewness, and kurtosis 
coefficients, Shapiro–Wilk test, and the Brown– 
Forsythe test. Nonparametric statistics used in this ana
lysis include the Wilcoxon sign rank test. A level of 
significance of α = 0.05 was used for all statistical 
procedures unless otherwise stated. The SAS 
UNIVARIATE, CORR, REG, and GLM procedures 
were used for testing data distributions for normality 
and hypothesis testing Mu0 = 0 (population mean is not 
significantly different from 0), developing scatter plot 
matrices and calculating Spearman rank correlation 
coefficients, least squares general linear model regres
sions, and MLR analysis, respectively.

The MLR analysis models were evaluated to ensure the 
residuals from the statistical model were approximately 
Normally distributed with mean zero and constant var
iance. The dependent and independent variables in the 
Chapel Hill (NH4)2SO4 chamber study MLR analysis 
were log transformed to ensure the model residual dis
tribution was not significantly different from Normal 
(Shapiro–Wilk test), and a constant value of 1 was 
added to the MMAD independent variable to avoid 
values <1 prior to transformation. No data 

transformations were necessary for the Missoula FSL 
smoke chamber MLR analysis as the model residuals 
met the parametric procedure assumptions. Some of the 
independent variables from the Missoula FSL smoke 
chamber studies were found to be correlated so indepen
dent variable interaction terms were included in the MLR 
analysis. Initially, all independent variables (chamber 
measurements) and all possible interactions were 
included in the MLR analysis. A stepwise MLR model 
optimization was conducted where non-significant inde
pendent variables and interactions were sequentially 
removed until all remaining terms were significant.

Results and discussion

Controlled chamber ammonium sulfate aerosol 
studies

The 1-Hr average PM2.5 mass concentration results 
from the Chapel Hill chamber-based studies using 
ammonium sulfate aerosols are given in Figure 1a. The 
Chapel Hill chamber studies were conducted over a 4- 
day period with the first runs of each day being a 
chamber zero (runs 1, 8, 15, and 22 in Figure 1a) 
where no aerosols were introduced into the chamber 
as described by Landis et al. (2021). Significant differ
ences (p < 0.0001) in the results obtained from the T640 
as compared to the FRM during the non-smoke con
trolled chamber studies were observed with the T640 
under estimating PM2.5 mass. Linear regression results 
of the FRM versus T640 PM2.5 mass results during the 
Chapel Hill chamber runs are given in Figure 1b and 

Figure 1. (a) T640 and FRM PM2.5 mass concentration averages and (b) Scatter plot with linear regression statistics of 1-Hr FRM versus 
T640 PM2.5 mass concentration results from the 2018 Chapel Hill, NC ammonium sulfate aerosol chamber-based study.
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indicates that the T640 on average measured~15% lower 
than the FRM. The FRM and T640 PM2.5 results are 
highly correlated with a coefficient of determination (r2) 
value of 0.992. Regression statistics of the comparison of 
PM2.5 mass concentration results during the Chapel Hill 
controlled chamber studies are given in Table S4. The 
results given in Table S4 indicate that only slight 
improvements in r2 are obtained when higher order 
polynomial models (e.g., quadratic, cubic) are fit. The 
accuracy of the T640 as compared to the FRM calculated 
by Equation 1 during the Chapel Hill chamber study 
was 78.2 ± 10.2% (mean ± standard deviation).

Controlled chamber burns

The 1-Hr average PM2.5 mass concentration results 
from the 2018, 2019, and 2021 Missoula FSL burn 
chamber studies are given in Figure 2(a–c), respec
tively. As previously stated (Table S1), multiple T640s 
and FRMs were operated in the burn chamber during 
each year’s study period. The T640 results given in 
Figure 2(a–c) represent the mean of the results 
obtained from the two T640s that were collocated in 

the chamber during each burn. Similarly, the FRM 
results given in Figure 2(a–c) represent the mean of 
the results obtained from the two (2018) or three 
(2019 and 2021) FRMs that were collocated in the 
chamber during each burn. Collocated precision and 
absolute percent differences (APD) values for both the 
T640s and FRMs operated during each study year are 
presented in Table S5 and in all cases were ≤5% 
showing individual sampler agreement across the 
chamber and no observed monitor to monitor biases. 
Unlike the Chapel Hill (NH4)2SO4 aerosol study 
results, during the FSL chamber burns the T640 reg
ularly (87 out of 104 burns) measured higher PM2.5 

mass concentrations compared to the FRM. Since 
similar fuels were used and similar environmental 
and burn conditions were employed across all three 
burn study periods (2018, 2019, and 2021), the data 
sets were combined into a single data set for statistical 
analysis. Significant differences in the results obtained 
from the T640 as compared to the FRM during the 
smoke chamber studies were observed in each study 
period (p <0 .0001 to p = .019) as well as the aggre
gate combined data (p < 0.0001).

Figure 2. T640 and FRM PM2.5 mass concentration averages (1-Hr) from the (a) 2018 (b) 2019 and (c) 2021 Missoula FSL burn chamber 
studies.
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Linear regression results of the FRM versus T640 
PM2.5 mass concentrations the Missoula FSL burn 
chamber studies along with uncertainties in both the 
FRM and T640 measurements are depicted in Figure 3 
and summarized in Table S4. Although the linear 
regression model shows significant correlation 
(r2 = 0.916) it does appear that higher order polynomial 
models better fit the data. Figure 4 shows regression 
results using quadratic and cubic models. Both the 

quadratic and cubic models show a better correlation 
with the best fit being generated by the cubic model 
(r2 = 0.965 and intercept y0 = −2.69). Several of the 
higher PM2.5 concentration points (>1500 μg m−3) 
appear to be driving the quadratic/cubic relationship 
between the FRM and T640 results (Figures 3–4). 
Uncertainty in the T640 measurement results is also 
greater at higher concentrations, as indicated in 
Figures 6 and 7. The accuracy of the T640 as compared 
to the FRM calculated by Equation (1) during the 2018, 
2019, and 2021 Missoula FSL chamber burns and for the 
combined data set is summarized in Table S6. The study 
integrated overall T640 accuracy was 65.4 ± 17.4%. The 
highest accuracy was achieved during the 2019 study 
(71.3 ± 13.0%) and the lowest during the 2021 study 
(58.0 ± 17.6%).

Past studies at ambient air monitoring sites that were 
impacted by smoke from nearby fires have resulted in 
the measurement of short-term 1-Hr PM2.5 mass con
centrations in the 1,000 to 3,000+ μg m−3 range (Guyot 
et al. 2021; Landis et al. 2021). Laing and Jaffe (2019) 
reported several wildfire smoke impacted sites measur
ing daily PM2.5 concentrations >250 μg m−3 over multi
ple day periods, including the highest PM2.5 

concentrations ever recorded by a U.S. regulatory moni
tor (642 μg m−3 at Seeley Lake, MT during 2017 Rice 
Ridge fire). It is reasonable to assume with 24-Hr PM2.5 

averages exceeding 250 μg m−3 and approaching 650 μg 
m−3, that short-term PM2.5 averages could approach and 
exceed 1000+ μg m−3 similar to those reported during 
the Fort McMurray Horse River Wildfire in Alberta, 

Figure 3. Scatter plot with linear regression statistics of 1-Hr 
FRM versus T640 PM2.5 mass concentration results from the 
Missoula chamber studies.

Figure 4. Scatter plot with (a) quadratic and (b) cubic regression statistics of 1-Hr FRM versus T640 PM2.5 mass concentration results 
from the Missoula Chamber Studies.
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Canada by Landis et al. (2021). The burn chamber 
generated hourly PM2.5 concentrations reported in this 
study ranging from 21.3 to 3044.6 μg m−3 (as measured 
by the FRM) are within levels observed during ambient 
air studies at wildfire smoke impacted sites. However, 
the highest point observed (3044.6 μg m−3) would be an 
exception at an ambient site and result only in circum
stances where the fire line was extremely close to the 
ambient monitoring site.

As previously described, during the 2021 chamber 
studies a Met One BAM-1022 was operated in the 
chamber collocated with a T640 and FRM. Figure 5 
(a–b) gives the 1-Hr average PM2.5 mass concentration 
obtained from the FRM and BAM-1022 during the 
2021 Missoula smoke chamber study and the results 

of the linear regression of FRM versus BAM-1022 
results during the period, respectively. As indicated, 
the FRM versus the BAM-1022 comparison is linear 
and highly correlated (r2 = 0.999). The BAM-1022 is 
significantly different from the FRM (p < 0.0001) and 
does on average underestimate PM2.5 mass concentra
tions compared to the FRM by ~15% (46.2 ± 41.6 μg 
m−3) over all concentration ranges. Regression statis
tics of the comparison of PM2.5 mass concentration 
results for all study periods and the combined data 
are summarized in Table S4. The accuracy of the 
BAM-1022 as compared to the FRM was 88.6 ± 4.7% 
(Table S6). These results indicate that even under high 
concentration smoke events, the BAM-1022 predicta
bly responds with the FRM.

Figure 5. (a) BAM-1022 and FRM PM2.5 mass concentration averages and (b) scatter plot with linear regression statistics of 1-Hr FRM  
versus BAM-1022 PM2.5 mass concentration results from the Missoula 2021 Chamber Studies.

Figure 6. Time series showing the magnitude and direction of the T640 measurement artifact, ΔFRM from a) the 2018 Chapel Hill 
ammonium sulfate aerosol studies and b) the 2018, 2019, and 2021 Missoula FSL chamber burns. The chamber zeros performed at the 
beginning of each day were removed from the Chapel Hill data set.
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Methodological influence on the observed T640 
PM2.5 artifact

For the purposes of this work, the analytical artifact 
(both positive and negative) in the T640 PM2.5 mass 
determination, termed ΔFRM, is estimated using 
Equation 3 as the difference between the mean FRM 
and the mean T640 PM2.5 mass concentration results for 
the same chamber run/burn period: 

ΔFRM ¼ FRM � T640 (4) 

During the Chapel Hill chamber studies ΔFRM values 
were always positive as the T640 underestimated PM2.5 

mass as compared to the FRM. Alternatively, the 
Missoula chamber burns resulted in both positive and 
negative ΔFRM values with the majority (87 out of 104 or 
~84%) being negative. The magnitude and direction of 
ΔFRM for both the Chapel Hill runs and Missoula cham
ber burns are given in Figure 6(a,b), respectively. Figure 
7(a,b) depicts the scatter plots and presents the linear 
regression statistics for the FRM versus the magnitude of 
the artifact from the Chapel Hill and Missoula chamber 
studies. For the Chapel Hill (NH4)2SO4 study, the mag
nitude of the artifact is simply ΔFRM since all the values 
were positive. For the Missoula smoke chamber burns, 
the magnitude of the artifact is represented by the abso
lute value of ΔFRM (| ΔFRM|) since some values of ΔFRM 

were positive, and others were negative. As indicated, 
during both the Chapel Hill and Missoula chamber 
studies, the magnitude of ΔFRM is positively correlated 
with increases in PM2.5 concentration as measured by 
the FRM. As mentioned previously, the T640 estimates 
PM2.5 mass concentration via an algorithm which con
verts measured light scattering signal (Bsca) to PM2.5 

mass. As such, any factor that might affect the ability 
of the T640 to measure Bsca reliably and predictably 
across its designed wavelengths or significant changes 
in aerosol physical properties (e.g., optical cross section, 
density) will result in a sampling or Bsca to PM2.5 mass 
calibration model artifact. We hypothesize that multiple 
factors may contribute to the observed sampling artifact 
associated with the T640 both in smoke and during the 
(NH4)2SO4 aerosol studies. These factors include parti
cle size distribution effects (inability of T640 to accu
rately quantify ultra-fine particles); attenuation of 
incident and scattered light at high aerosol concentra
tions; non-uniform wavelength (λ) dependent optical 
properties or density changes of the sampled aerosol; 
and effect of environmental conditions (chamber tem
perature and RH) on the T640 mass determination. 
MLR analysis was used to investigate possible factors 
including those listed above that may contribute to the 
observed T640 instrument measurement artifact 
(ΔFRM). Tables S7 and S8 list all of the variables included 
in the MLR analysis of both the Chapel Hill (NH4)2SO4 

and Missoula smoke chamber study results, respectively.

Chapel Hill chamber study MLR analysis
During the Chapel Hill chamber study, a single compo
nent aerosol ((NH4)2SO4) was used as the test media. As 
a result, the optical properties of the aerosol were con
stant over all runs and negating the need to make optical 
property measurements during this portion of the study. 
As described above and displayed in Figure 7a, the 
magnitude in the T640 artifact increases with increases 
in PM2.5 mass concentration. As such PM2.5 mass con
centration was included as a variable in the MLR 

Figure 7. Scatter plot with linear regression statistics of 1-Hr ΔFRM versus FRM PM2.5 mass concentration results from a) the 2018 
Chapel Hill ammonium sulfate aerosol studies and b) the 2018, 2019, and 2021 Missoula FSL chamber burns.
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analysis. The effects of particle size distribution were 
investigated using the TSI model 3321 APS reported 
mean MMAD for each run. MMADs for the Chapel 
Hill runs ranged from 0.867 to 1.05 μm (Table S7). It 
should be noted that the Model 3321 APS begins to lose 
counting efficiency at particle sizes below 0.8 microns 
aerodynamic diameter (Peters, Ott, and O’Shaughnessy 
2006; Volckens and Peters 2005). As a result, the 
MMADs provided by the APS is likely biased high for 
the Chapel Hill study due to a large concentration of 
particles being generated with aerodynamic diameters 
less than 0.8 microns. Two runs (23 and 26) were 
excluded from the MLR analysis due to APS 3321 
instrumental issues. Ambient (chamber) temperature 
and RH were also included as independent variables 
due to their potential to affect the deliquescence and 
efflorescence properties of the aerosol which in turn 
may influence light scattering (Lyamani, Olmo, and 
Alados-Arboledas 2008; Tang 1996) and mass determi
nation by the T640. Table S7 gives the variables used 
and Table 2 gives the MLR analysis results from the 
2018 Chapel Hill chamber runs.

Overall, the model could explain ~88.3% (R2 = 0.883) of 
the variability in ΔFRM. The PM2.5 mass concentration 
(FRM) and MMAD were found to be significant variables 
with p values of <0.0001 and 0.005, respectively. Both 
temperature and RH were not significant, which was not 
surprising as the T640 is designed to compensate for those 
parameters through the heated sample conditioning 
downtube described in section 2.1.1. PM2.5 mass concen
tration as measured by the FRM is most significant in 
explaining the variability in ΔFRM per the results given in 
Table 2. We hypothesize that high PM2.5 concentrations 
result in attenuation of incident and/or scattered light in 
the detection cell of the T640 ultimately resulting in a 
measurement artifact. Light attenuation by aerosols, 
smoke included, is generally caused by two factors: 1) 

light scattering and 2) light absorption (Foster 1959). For 
the Chapel Hill chamber runs, the generated (NH4)2SO4 

aerosols are non-light absorbing (Peñaloza-Murillo 1998) 
meaning light attenuation is the result of scattering. In the 
T640 detector cell, the light source and detector are con
figured at a 90° angle from each other (Teledyne-API 
2019), and light scattering generated by the presence of 
aerosols in the cell is detected at that angle. Under normal 
operation light is scattered randomly in all directions, but 
the T640 algorithm takes that into account in estimating 
mass concentrations. As the number density of aerosols 
increases in the detection cell at high PM concentration 
both the incident light and scattered light may scatter (re- 
scatter) in directions other than 90° to a point where the 
PM2.5 mass calibration algorithm is no longer accurately 
estimating PM mass, resulting in an artifact. The positive 
sign associated with the estimated value for the FRM 
(PM2.5 mass concentration) variable (0.9036, Table 2) 
further validate the observations displayed in Figure 7a, 
that increases in PM2.5 mass concentration corresponding 
to increases in the T640 artifact (ΔFRM). MMAD was also 
significant in explaining the variability in ΔFRM however to 
a less extent than PM2.5 concentration. It is well documen
ted that particle size distribution influences aerosol scatter
ing efficiencies (Curtis et al. 2007; Grimm and Eatough 
2009; Lyamani, Olmo, and Alados-Arboledas 2008; 
Weinert et al. 2003). However, the effect is opposite, with 
a negative estimate value (−4.3163, Table 2) than that 
observed with the FRM variable in that decreases in 
MMAD result in increases in the ΔFRM.

Missoula chamber burn MLR analysis
The MLR analysis results for the Missoula chamber 
burns are given in Table 3. The variables used in the 
Missoula chamber MLR analysis are given in Table S8. 
Similar to the Chapel Hill (NH4)2SO4 aerosol runs, 
PM2.5 mass (FRM), temperature, and RH were included 

Table 2. T640 ΔFRM MLR analysis results from the 2018 Chapel Hill chamber runs.
Log Transformed MLR: FRM PM2.5; Temp; RH; MMAD – 2 outliers removed

R2 Sum of Squares F Value P>F

0.883 18.3448 32.06 <0.0001

Source N DF Type III Mean Square F Value P>F
FRMa 22 1 16.7864 117.35 <0.0001
Temp. 22 1 0.0169 0.12 0.735
RH 22 1 0.0217 0.15 0.702
MMADb 22 1 1.4509 10.14 0.005

Parameter Estimate Standard Error t Value P> |t|
Intercept 1.9475 1.2943 1.50 0.151
FRM 0.9036 0.0834 10.83 <0.0001
Temp. −0.0845 0.2457 −0.34 0.735
RH 0.0941 0.2418 0.39 0.702
MMAD −4.3163 1.3553 −3.18 0.005

aFRM=PM2.5 mass concentration as measured by the FRM. 
bMMAD is the mass median aerodynamic diameter measured by the TSI model 3321 APS. 
Significant variables in bold text.
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as variables. Model 3321 APS MMADs were obtained 
on a limited number of runs (APS was not operated 
during 2018 chamber burns and burns 1–9 of the 2021 
study period). In contrast to the Chapel Hill runs, both 
positive and negative values for the T640 artifact (ΔFRM) 
were obtained (Figure 6b). As previously stated, no 
transformations were performed on the Missoula cham
ber data prior to MLR analysis. Also, in contrast to the 
Chapel Hill study, smoke is a complex aerosol with 
many components resulting in significant changes to 
aerosol optical properties from burn to burn. To inves
tigate the effect of aerosol optical properties on the T640 
artifact, two additional variables were included in the 
MLR analysis. First, black carbon (BC) concentrations 
obtained from the self-adsorption compensated BC6 
(880 nm) IR channel (Drinovec et al. 2015) of the 
Magee AE33 Aethalometer. As previously described, 
light attenuation by aerosols, smoke included, is 

generally caused by light scattering and light absorption 
(Foster 1959). BC is a highly effective at attenuating 
light through absorption (Cappa et al. 2019; Healy et 
al. 2015) and biomass burning is a major source of BC in 
the atmosphere (Cheng et al. 2022; Li et al. 2019). As 
such, it is reasonable to hypothesize that significant 
concentrations of BC in smoke may result in an artifact 
in the T640 response. For similar reasons hypothesized 
in the previous section during the non-smoke Chapel 
Hill studies, light attenuation by scattering at high bio
mass burning aerosol loading may also result in an 
artifact. Figure 8a shows the time series of BC concen
trations during the Missoula chamber burns. The BC 
average over the 104 chamber burns was 58.9 μg m−3 

with maximum values reaching as high as 552.8 μg m−3 

(Figure 8a and Table S8).
Biomass burning aerosols are predominantly organic 

aerosol (OA; 60–95%, Urbanski et al. 2022), some of 

Table 3. T640 ΔFRM MLR analysis results from the Missoula chamber burns.
MLR: ΔC; FRM PM2.5; BC; MCE

R2 Sum of Squares F Value P>F

0.8499 1892002.693 104.20 <0.0001

Source n DF Type III Mean Square F Value P>F
ΔC

a 98 1 626519.9986 172.52 <0.0001
FRMb 98 1 449065.6853 123.66 <0.0001
MCEc 98 1 182232.0352 50.18 <0.0001
ΔC*MCEd 98 1 623867.0067 171.79 <0.0001
FRM*BCe 98 1 176699.5257 48.66 <0.0001

Parameter Estimate Standard Error t Value P> |t|
Intercept −3100.2114 439.7390 −7.05 <0.0001
ΔC 67.1932 5.1157 13.13 <0.0001
FRM −0.3370 0.0303 −11.12 <0.0001
MCE 3267.1175 461.2084 7.08 <0.0001
ΔC*MCE −72.0543 5.4974 −13.11 <0.0001
FRM*BC 0.0010 0.0001 6.98 <0.0001

aΔC – difference in absorption between the UV (BC1–370 nm) and IR (BC6–880 nm) channels of the AE33 
bFRM=PM2.5 mass concentration as measured by the FRM. 
cMCE – modified combustion efficiency determined using the CO and CO2 channels of the Picarro Model G2401 CRDS. 
dΔC*MCE – interaction between ΔC and MCE variables. 
eFRM*BC – interaction between PM2.5 mass concentration and black carbon concentration variables. 
Significant variables in bold text.

Figure 8. Time series showing 1-Hr average a) BC concentrations and b) ΔC during the 2018, 2019, and 2021 Missoula FSL chamber 
burns.
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which are light absorbing and are labeled as brown 
carbon (BrC). BrC are known for an absorption spec
trum that decreases from near-UV to visible wave
lengths (Laskin, Laskin, and Nizkorodov 2015). The 
composition of BrC is poorly characterized and its opti
cal properties are highly variable (Kirchstetter, 
Novakov, and Hobbs 2004; Laskin, Laskin, and 
Nizkorodov 2015; Saleh et al. 2013). Additionally, OA 
coatings on BC can increase the absorption by BC 
through a “lensing” effect (Lack et al. 2012). Therefore, 
the second variable related to the optical properties of 
the smoke aerosol included in the MLR analysis was ΔC 

which is the differential absorption between the 
Aethalometer UV (370 nm) and IR (880 nm) channels 
and is thus a measure of BrC. ΔC has been used in past 
source apportionment studies to differentiate between 
fossil fuel and biomass burning BC emitting combustion 
sources (Allen, Babich, and Poirot 2004; Wang et al. 
2010; Wang et al. 2011a, 2011b).

Figure 8b gives a time series of ΔC values from the 
Missoula chamber burns. For the most part ΔC values 
trend positive, which is consistent with past studies. 
However, during certain periods, mainly during the 
2018 chamber burns, ΔC values were negative. This per
iod is dominated by negative ΔC values, also corre
sponded to the period where ΔFRM values were positive 
or where the T640 was underestimating PM2.5 mass 
compared to the FRM (Figure 6b). During the early part 
of the 2018 burn period, oven dried fuels were employed 
with moisture content below 5%. In addition, on many of 
the burns where ΔFRM was positive and ΔC negative, fine 
woody debris comprised >90% of the biomass consumed. 
However, the biomass smoke that resulted in the T640 
results underestimating as compared to FRM results was 
produced by fuel conditions (oven dried with moisture 
content below 5%) that will be rare in the natural envir
onment. Finally, modified combustion efficiencies 
(MCE) of each burn were included as a variable in the 
MLR analysis to determine the contribution and signifi
cance of combustion conditions on the T640 response. 
Past studies have indicated that combustion conditions 
may affect optical properties of the produced smoke 
aerosol (Garg et al. 2016; Martinsson et al. 2015, 2017) 
which in turn may be significant in explaining the artifact 
in the T640 mass determination.

As given in Table 3, the optimized MLR generated 
model for the Missoula FSL chamber burns could 
explain ~85% (R2 = 0.8499) of the variability in ΔFRM 

when using ΔC, FRM PM2.5, and MCE as independent 
variables. PM2.5 mass concentration (FRM), ΔC, and 
MCE were found to be significant variables all with p 
<0.0001. In addition, the interactions between ΔC and 

MCE (ΔC*MCE) and PM2.5 mass concentration and BC 
(FRM*BC) were also found to be significant with 
p of <0.0001. As in the Chapel Hill studies, temperature, 
and RH were not significant and as such were removed 
from the model as part of the optimization process. In 
addition, BC concentration (BC), was also not signifi
cant in explaining the variability in ΔFRM even though 
the interaction between the FRM and BC (FRM*BC) 
variables was significant. During the Missoula burn 
chamber studies, ΔC was the most significant variable 
interaction in explaining the variability in ΔFRM per the 
results given in Table 3. Similar to the Chapel Hill 
studies in the absence of smoke, we anticipate that 
light scattering at high PM2.5 and BC concentrations 
are contributing to attenuation of incident and scattered 
light resulting in an artifact. However, the complex 
composition of smoke aerosols, also introduces wave
length-dependent light absorbing species operationally 
defined as BrC that also appear to be significantly con
tributing to the observed T640 measurement artifact 
along with other markers of aerosol optical properties. 
The physical properties of fuel beds such as moisture 
content, particle size, packing density, geometry, and 
total mass affect combustion conditions (e.g., the rela
tive mix of flaming/smoldering combustion) and the 
emitted species (Urbanski et al. 2022). Previous studies 
have found the light-absorption and the wavelength 
dependence of absorption of smoke aerosol to vary 
considerably with fuels and MCE (McMeeking et al. 
2014) thus offering possible explanations of the 
ΔC*MCE and FRM*BC interactions. Our data suggest 
that unlike the generated (NH4)2SO4 aerosol study, in 
fresh burn chamber generated biomass smoke, the par
ticle size distribution was not significant in explaining 
variability in ΔFRM (using the 57 burns for which we 
have data) and was thus removed from the model dur
ing the optimization process. As stated previously, the 
MMAD calculated using the APS is most likely biased 
high due to inefficiencies of the analyzer at aerodynamic 
diameters below 0.8 microns. Particle size distributions 
of fresh biomass burning smoke generally lie in the 
ultrafine and accumulation mode (Hosseini et al. 2010; 
Reid et al. 2005) with significant mass from particles 
with aerodynamic diameters below 0.5 microns. As 
such, it is reasonable to assume that MMAD may be 
significant if data accounting for these smaller particles 
were included in the MLR analysis, or may be one of the 
reasons MCE (a potential surrogate for MMAD) was 
significant.

After reviewing the Chapel Hill and Missoula 
Chamber MLR results on the impact of PM2.5 mass on 
ΔFRM, the data from two other unrelated ambient 
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studies that EPA participated and included T640 and 
collocated FRM or beta attenuation-based FEM mea
surements were reviewed. ΔFRM was calculated for 4 hr 
integrated data collected from Logan, UT, USA during 
the Utah Winter Fine Particle Study (UWFPS; U.S. 
NOAA 2017; Franchin et al. 2018) and ΔBAM was calcu
lated from 4 hr integrated data collected at the U.S. 
Embassy in Sarajevo, Bosnia and Herzegovina (Hagler 
et al. 2022) to evaluate their relationship to PM2.5 mass. 
Data summaries are presented in Supplemental 
Information Tables S9 and S10 and scatter plots with 
linear regression statistics of FRM/BAM versus T640 
PM2.5 mass concentration and ΔFRM/ΔBAM FRM versus 
FRM/BAM PM2.5 mass concentration results for each 
study are presented in Supplemental Information 
Figures S1 and S2. In both ambient studies evaluated 
there is a strong relationship between PM2.5 measured 
by the FRM/BAM versus the T640 (p < 0.0001; r2>0.97) 
and the ΔFRM/BAM are positively correlated with 
increases PM2.5 concentration (p < 0.0004) as measured 
by the FRM/BAM. The amount of ΔFRM/BAM variance 
explained by the PM2.5 mass concentration ranged from 
36% (Logan) to 61% (Sarajevo), which is consistent with 
our chamber study findings. The UWFPS results 
included biomass smoke impacts from wood burning 
for home heating which may have imparted additional 
T640 artifact covariates similar to our Missoula cham
ber studies reducing the explanitary power of the ΔFRM  

versus FRM PM2.5 mass concentration simple linear 
regression model.

Implications

Wildland fires (wildfires and prescribed fires) emit sig
nificant amounts of primary PM2.5 into ambient air 
posing significant risk to human health and having 
adverse effects on air quality in downwind population 
centers. The transient nature and rapidly changing con
ditions along with the complex make up of emitted 
pollutants in smoke, can result in significant measure
ment challenges. High time resolution, rapidly available, 
and accurate PM2.5 monitoring data are sought after for 
use in smoke mitigation strategies to reduce exposure 
and communicate health risks to the public. Accurate, 
hourly measurements of PM2.5 are essential to a variety 
of retrospective activities – human health studies, eva
luation of smoke and air quality models, and the identi
fication/demonstration of wildfire produced 
“exceptional events” that affect air quality with respect 
to the NAAQS (EPA 2013). PM2.5 monitoring data have 
also seen wide use to investigate the performance of 

small sensors under smoke impacted conditions. Small 
sensors generally operate on higher time resolutions (1– 
60 min) and often utilize optical (light scattering) mea
surement principles similar to the T640. The findings 
from this research effort raise concerns that routine 
regulatory monitoring and wildland fire research study 
PM2.5 measurements utilizing optical measurement 
monitors such as the T640 may be reporting measure
ment artifacts (both positive and negative) during 
smoke impacted events for which data end users need 
to be cognizant. Studies have employed T640 or similar 
optical based PM mass monitors for evaluating/calibrat
ing the performance of sensors (Bi et al. 2021; Holder et 
al. 2020; Kelly et al. 2017; Wallace et al. 2021; Wallace et 
al. 2022a; Zheng et al. 2018), characterizing population 
exposures for epidemiological modeling (Gan et al. 
2017; Heaney et al. 2021; Liu et al. 2015; O’Neill et al. 
2021), the large-scale use of thousands of monitors in 
estimating either geographic variability (Bi et al. 2020) 
or exposure to indoor-generated particles (Liang et al. 
2021; Wallace et al. 2022b), and in the development 
and/or evaluation of deterministic smoke generation 
and dispersion models for wildland fire events (Chow 
et al. 2022; Mallia et al. 2020; Ye et al. 2021) assuming 
these measurements are accurate based upon their EPA 
FEM designations.
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