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ABSTRACT
The Aerodyne aerosol mass spectrometer (AMS) is used extensively to study the compos-
ition of non-refractory submicron aerosol composition during atmospheric field studies.
During two recent studies of indoor environments, HOMEChem and ATHLETIC, the default
ambient organic aerosol AMS quantification parameters resulted in a large discrepancy with
co-located instruments while sampling cooking organic aerosol (COA). Instruments agreed
within uncertainty estimates during all other sampling periods. Assuming a collection effi-
ciency (CE) of unity, adjustments to the AMS relative ionization efficiency (RIE) were required
to reach agreement with co-located instruments. The range of RIECOA observed (ATHLETIC:
RIECOA¼ 4.26–4.96, HOMEChem: RIECOA¼ 4.70–6.50) was consistent with RIE measured in the
laboratory for cooking-specific molecules. These results agree with prior AMS studies which
have indicated that more oxidized outdoor ambient organic aerosol has a relatively constant
RIE of 1.4± 0.3 while more reduced organics have higher RIE. The applicability of a higher
RIE was considered for two ambient datasets, and agreement between the AMS and co-
located instruments improved when an increased response factor (RIE � CE) was applied to
positive matrix factorization-derived primary organic aerosol (POA). Based on the observa-
tions presented here and the literature, we recommend AMS users consider applying
RIECOA¼4.2 to source and indoor studies of COA and evaluate a higher POA response factor
of the order of �1.5 in outdoor studies at urban background sites, and �2 at sites impacted
by fresh sources. This study aims to improve AMS quantification methodology for reduced
POA and highlights the importance of careful intercomparisons in field studies.
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1. Introduction

Recently, there has been an increased focus on chem-
istry occurring in the indoor environment, with
advanced instrumentation typically employed in out-
door atmospheric chemistry studies being used
indoors (Nazaroff and Goldstein 2015; Farmer et al.
2019; Abbatt and Wang 2020). This interest in the
indoor environment is motivated by the fact that
humans, especially in developed nations, spend most

of their time indoors (Klepeis et al. 2001). To accur-
ately assess human exposure and health risks associ-
ated with particulate matter, it is essential to
understand aerosol sources and dynamics in the home
and other indoor spaces.

The Aerodyne aerosol mass spectrometer (AMS) is
a widely used instrument for the quantitative study of
ambient submicron particulate matter (PM1, aerosols
with aerodynamic diameter � 1 mm) at high time
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resolution (DeCarlo et al. 2006; Canagaratna et al.
2007; Guo et al. 2020). Detection of aerosols using the
AMS involves thermal vaporization and electron ion-
ization leading to fragmentation of the molecules
found in particles. Species typically quantified by the
AMS include those that vaporize in a few seconds at
600 �C (“non-refractory species”). Particulate sulfate
(SO4), nitrate (NO3), ammonium (NH4), organics
(OA), and non-refractory chloride (Chl) are quantified
following standard methodology, while black carbon
and dust are not (Allan et al. 2003). The AMS is also
capable of measuring the size distribution of non-
refractory PM1 with chemical speciation. The size
range of the AMS (�50 nm to �750 nm in vacuum
aerodynamic diameter for 50% transmission) is rele-
vant for human exposure, cloud formation, and urban
air quality, to name a few (Canagaratna et al. 2007;
Hu et al. 2017; Guo et al. 2020).

The high level of fragmentation via combined ther-
mal vaporization and electron ionization in the AMS
detection scheme makes identification and quantifica-
tion of specific organic parent molecules difficult.
Bulk OA is quantified in the AMS based on laboratory
calibrations (Slowik et al. 2004; Canagaratna et al.
2007; Dzepina et al. 2007; Jimenez et al. 2016;
Robinson et al. 2017; Xu et al. 2018) which have
reported an average relative ionization efficiency (RIE)
of �1.4 relative to nitrate, the primary calibrant. This
parameter has been proven robust and accurate within
uncertainties in ambient aerosol studies (Canagaratna
et al. 2007; Jimenez et al. 2016; Guo et al. 2020; Hu
et al. 2020). The possibility that chemically reduced
OA could have a higher response factor in the AMS
was first suggested by Jimenez et al. (2003), who con-
sidered the larger electron ionization cross section of
reduced versus oxidized molecules. Exploring this
effect in some ambient studies indicated a limited
impact on the response (at most þ50%) for reduced
versus oxidized aerosols (Docherty et al. 2011;
Jimenez et al. 2016). Pinpointing the discrepancies
caused by reduced OA has been difficult due to the
ambient mixture of reduced OA present and a usually
higher fraction of more oxidized OA, especially sec-
ondary OA (SOA), in most ambient studies (e.g.,
Zhang et al. 2007). The typically minor fraction of
primary OA (POA) in many studies also led to less
focus on reduced POA in subsequent AMS studies in
general. Jimenez et al. (2016) and Xu et al. (2018)
recently reported higher RIE values for very reduced
pure-component species in the laboratory, which need
to be taken into consideration for laboratory studies
using pure OA compounds. Murphy (2016) proposed

an AMS detection model that suggested reduced spe-
cies, which undergo less fragmentation, may be
detected with higher RIE due to higher molecular
weight species having longer dwell times in the detec-
tion region. Although the general physical phenom-
enon is likely to play a role in overall AMS sensitivity,
the specific mathematical model of Murphy (2016)
has been shown to be inconsistent with observations
(Jimenez et al. 2016; Hu et al. 2017; Ide, Uchida, and
Takegawa 2019; Uchida, Ide, and Takegawa 2019).
Additional complex processes must occur in the AMS
detection scheme, but so far, theoretical models have
not been able to successfully reproduce observed AMS
detection properties (Jimenez et al. 2016; Xu et al.
2018; Ide, Uchida, and Takegawa 2019).

Cooking is a source of POA in outdoor and indoor
environments. During cooking, particle mass can ori-
ginate from the food itself and from combustion sour-
ces used to cook food. Field and laboratory studies
have shown that cooking organic aerosol (COA) is
largely comprised of chemically reduced components,
such as fatty acids (e.g., oleic acid, stearic acid, pal-
mitic acid, others), in addition to glycerides, sugars,
and anhydrous sugars (Abdullahi, Delgado-Saborit,
and Harrison 2013). Factor analysis (typically through
positive matrix factorization, PMF) is widely
employed in AMS outdoor analyses to separate differ-
ent OA sources (Lanz et al. 2007; Ulbrich et al. 2009).
Urban studies involving the AMS have attributed
�5–20% of the measured ambient aerosol mass to
COA using PMF (Mohr et al. 2012; Crippa et al.
2013; Hayes et al. 2013; Kim, Zhang, and Heo 2018;
Avery, Waring, and DeCarlo 2019). COA has been
challenging to identify in the bulk UMR AMS aerosol
mass spectrum using PMF because of its spectral simi-
larity to other POA sources (e.g., vehicle emissions)
(Mohr et al. 2009; Mohr et al. 2012). Studies that suc-
cessfully identified COA in the bulk organic mass
spectrum were close to strong, temporally trending
sources (Mohr et al. 2012; Robinson et al. 2018).
Reyes-Villegas et al. (2018) analyzed laboratory COA
with an AMS and reported high response factors (1.56
to 3.06) compared to the value used for ambient OA
(1.4). Using this data, the authors suggested that the
discrepancy published by Yin et al. (2015) between
AMS-PMF-derived COA and filter-based chemical
mass balance (CMB)-derived COA could be caused by
the COA response factor in the AMS. Minguill�on
et al. (2015) also presented a disagreement between
ambient Aerosol Chemical Speciation Monitor
(ACSM; a smaller, lower cost, and simpler to operate
versions of AMS, described in Ng et al. 2011) organic
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concentrations and filter-based measurements, pos-
sibly due to a high ACSM response factor, but did not
resolve the discrepancy. Docherty et al. (2011) and
Jimenez et al. (2016) characterized quantification dis-
crepancies caused by ambient POA and found that a
combined response factor (RIE � CE, collection effi-
ciency) of 1.5, at the lower end of the Reyes-Villegas
laboratory derived factor, could improve the agree-
ment between AMS and co-located instruments.

Two recent comprehensive field studies,
HOMEChem (House Observations of Microbial and
Environmental Chemistry) and ATHLETIC (Athletic
center study of Indoor Chemistry), involved the study
of indoor air in two environments: a residential test
house and a university athletic center. The HR-AMS
involved in each campaign was unique and independ-
ently operated. Intercomparisons between the calcu-
lated AMS volume and co-located particle sizers
revealed a large disagreement during cooking events if
default outdoor ambient quantification parameters
were applied to the AMS data. The AMS and co-located
instruments showed agreement within error estimates
during all other sampling periods. In this article, we
aim to constrain the COA response factor by examining
factors which contributed to the discrepancy in particle
mass concentration when COA was sampled indoors.
We utilize laboratory calibrations of COA-proxy mole-
cules (e.g., oleic acid and linoleic acid) to corroborate
the response factors observed in the field. Finally, we
reevaluate the intercomparisons from two prior out-
door ambient field studies to determine if a higher POA
response factor is applicable. We conclude by recom-
mending methods for AMS users to address this dis-
crepancy in future studies.

2. Materials and methods

2.1. High-resolution aerosol mass spectrometry:
Instrument description

The high-resolution aerosol mass spectrometer
(HR-AMS) is detailed in numerous previous studies
and briefly summarized here (DeCarlo et al. 2006;
Canagaratna et al. 2007). The AMS measures size-
resolved PM1 chemical composition for non-refractory
aerosol species (organics, nitrate, sulfate, ammonium,
and chloride). In the HR-AMS, submicron particles are
focused into vacuum to a narrow beam by an aero-
dynamic lens and subsequently impact a porous tung-
sten surface heated to �600 �C. The resulting vapors
are ionized by 70 eV electron ionization, leading to typ-
ically small ion fragments which are periodically
extracted and analyzed by a time-of-flight mass

spectrometer. Particle size distributions can be derived
by recording the instrument signal as a function of the
particles’ time-of-flight (PToF) through the vacuum
chamber prior to impaction on the heated surface.

2.2. Aerosol mass spectrometry: Quantification
theory and background

In order to provide necessary context for the relative
ionization efficiency (RIE) determinations, here we
review the quantification methodology for AMS. The
raw ion rate output of the AMS is converted to a
mass concentration according to Equation (1)
(Canagaratna et al. 2007).

Cs ¼ 1012 MWNO3

CEs RIEs IENO3 Q NA

X

all i

Is, i (1)

Ion rates at all i m/z corresponding to a given species s,
Is, i, are summed and converted to mass concentration, Cs.
1012 is a conversion factor to the units of mg/m3, Q is
the flow rate, NA is Avogadro’s number, and MWNO3 is
the molecular weight of nitrate, the primary calibrant. The
remaining parameters, CEs (collection efficiency of species,
s), IENO3 (ionization efficiency of nitrate), and RIEs (rela-
tive ionization efficiency of species, s, compared to nitrate)
directly relate to quantification of a species of interest, s,
and are based on calibrations and/or empirical
parameterizations.

Nitrate is the primary calibrant for the AMS
because it is common in ambient aerosol, and labora-
tory-generated NH4NO3 aerosols are focused effi-
ciently by the aerodynamic lens and vaporize rapidly
on the AMS tungsten vaporizer without bounce,
which makes it also suitable for calibrating with single
particle methods. This species also leaves no back-
ground signal that may introduce noise in later meas-
urements. Additionally, NH4NO3 has consistent and
known fragmentation products with �90% of the
nitrate signal at m/z 30 (NOþ) and 46 (NO2

þ) (Allan,
Bower et al. 2004; Hogrefe et al. 2004; Canagaratna
et al. 2007). All other species quantified by the AMS
are given a relative ionization efficiency, RIEs, which
quantifies the differences in ions detected per mol-
ecule vaporized, compared to nitrate (Alfarra et al.
2004). Equation (2) displays how RIEs can be calcu-
lated from a species’ measured ionization efficiency,
IEs, and molecular weight, MWs.

RIEs ¼ IEs
MWs

�MWNO3

IENO3
�RIENO3 (2)

CEs is the collection efficiency of the species of
interest. Allan, Delia et al. (2004) first suggested using
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a CE of 0.5 because the AMS was consistently measur-
ing �1/2 the submicron aerosol mass of co-located
instruments. This discrepancy is mostly explained by
solid or dry particles bouncing off the tungsten heater,
while liquid particles are detected at higher efficiency
(Allan, Bower et al. 2004; Huffman et al. 2005;
Matthew, Middlebrook, and Onasch 2008).
Middlebrook et al. (2012) proposed a parameterization
for CE of ambient particles based on the fraction of
ammonium nitrate and acidic sulfate in the particle
phase, as proxies for phase state. Application of the
Middlebrook CE parameterization is common today,
and typically results in more accurate and robust mass
quantification than applying a constant CE of 0.5 (Hu
et al. 2017; Guo et al. 2020; Hu et al. 2020). In this
study, a 2r uncertainty of 35% is assumed for total
AMS concentrations when comparing to other instru-
mentation, though uncertainties are higher for indi-
vidual species (38% for organics, 36% for sulfate (or
34% if sulfate is calibrated in-field), and 34% for
ammonium and nitrate (Bahreini et al. 2009). Most of
the uncertainty (30%) is from CE (Bahreini
et al. 2009).

2.3. HOMEChem field campaign

The HOMEChem study took place at the UT Austin
Test House, or “UTest House” on the J.J. Pickle
Research Campus in Austin, Texas, USA. The indoor air
exchange rate with outdoors was �0.5±0.1hr�1, and the
indoor recirculation rate was 8hr�1 (Farmer et al. 2019).
Ceiling fans were constantly run to promote mixing in
addition to the indoor recirculation within the main
dwelling space, and the air conditioning system was set
to a constant temperature of 25 �C for the experiments
described in this article. Numerous cooking experiments
took place throughout the HOMEChem campaign: vege-
table stir-fry, breakfast, beef chili, lasagna, and
Thanksgiving dinner. The ventilation hood above the
stove was not operated to enable focus on the emissions
of indoor cooking as opposed to effectiveness of ventila-
tion. See Farmer et al. (2019) for more details regarding
the UTest House conditions and experiments dur-
ing HOMEChem.

At HOMEChem, instruments were either located
inside of the UTest House kitchen or a trailer adjacent
to the UTest house with insulated inlets to the kitchen.
Table S1 describes all HOMEChem instruments used in
this analysis, the particle size range analyzed, the type of
diameter measured, and instrument location. All inter-
comparisons discussed in the following text with the
HR-AMS involves instruments housed in the instrument

trailer as opposed to the UTest House kitchen so that
sampling point and inlet losses would be similar and not
confound the intercomparison. However, inlet losses
were expected to be minimal in the size range of interest
(Figure S1). The HR-AMS inlet included an automatic
valve-switching system that alternated between outdoor
(5min) and indoor (25min) sampling. Details regarding
the HR-AMS inlet, in field calibrations, and co-located
instruments used for intercomparisons are in the online
supplementri information (SI) Section 1.2. An ultra-high
sensitivity aerosol spectrometer (UHSAS, Droplet
Measurement Technologies, Boulder, CO, USA) and
scanning mobility particle sizing instrument (SMPS
Model 3936, comprised of a TSI 3081 long differential
mobility analyzer and a TSI 3775 condensation particle
counter) were used for main text intercomparisons.
UHSAS saturation was observed during some experi-
ments with exceptionally high number concentrations
below 240nm, as described in SI Section 1.3. An
Aethalometer (Model AE-33, Magee Scientific Co.,
Berkeley, CA, USA) was used for black carbon (BC)
measurements. Additional intercomparisons with SMPSs,
ACSMs, and a scanning electrical mobility (particle size)
spectrometer (SEMS, Brechtel Manufacturing Inc.) are
shown in the SI.

2.4. ATHLETIC field campaign

The ATHLETIC study was conducted at Dal Ward
Athletic Center, University of Colorado (CU) Boulder
between November 3 and 20, 2018. A suite of instru-
ments was installed and operated on the 2nd floor bal-
cony of the weight room within the building to
monitor the indoor air. A shared inlet with an auto-
matic valve system switched sampling between room
air and supply air every 5min. The supply air was
produced by mixing outdoor air flow and returned air
flow (i.e., indoor air) at variable proportions in a large
air handling unit (AHU) that serviced most of the
building. The mixed outside air fraction at the main
AHU flow varied from �10–80% during this study.
Temperature was maintained in the weight room at
�20 �C through a combination of conditioning at the
main AHU and the local variable air volume AHU.
The volume of the weight room was 1700m3 with a
constant supply air flow rate of 200m3/min, resulting
in a residence time of 8.5min (Finewax et al. 2021).
The instruments sampled with periodic switching
between the well mixed room air and the supply air
to allow for investigating the differences between the
two. Regular athletic training and cleaning were per-
formed in the weight room.
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Unlike the designed cooking events sampled during
HOMEChem, the cooking aerosols sampled during
the ATHLETIC study were not planned and were
rather ingested into the building via the active air
intake from outdoor sources. The most likely source
is open air barbeques on campus (Dal Ward is located
right next to the CU football stadium and Nov. 16
was the day before a home game), but nearby campus
dining facilities may also have contributed.

The HR-AMS and a SMPS were used to constrain
the RIE of COA at ATHLETIC. Both instruments
shared the same inlet behind the switching valve sys-
tem. The details of this HR-AMS setup and operations
have been discussed in Nault et al. (2018), Schroder
et al. (2018), Guo et al. (2020), and specific details for
this study are in SI Section 1.2.2.

2.5. Calculation of HR-AMS particle mass and
volume concentration

RIE and CE parameters defined in Section 2.2 were
initially applied to all HR-AMS data from the
HOMEChem and ATHLETIC campaigns. For
HOMEChem, RIEOA ¼ 1.4, RIENO3 ¼ 1.1, RIESO4 ¼
1.2, RIENH4 ¼ 4.16, and RIEChl ¼ 1.3. For
ATHLETIC, RIEOA ¼ 1.4, RIENO3 ¼ 1.1, RIESO4 ¼
1.57, RIENH4 ¼ 4.25, and RIEChl ¼ 1.98. The RIE for
HOMEChem ammonium and ATHLETIC sulfate,
ammonium, and chloride were derived from in situ
calibrations of size-selected particles generated by
atomizing salt solutions. HOMEChem RIESO4 and
RIEChl originate from Alfarra et al. (2004). Inorganics
were <5% of the measured mass during the cooking
periods of interest for both studies, thus the inorganic
RIE are expected to play a minor role in COA quanti-
fication. CE for periods dominated by infiltration or
ventilation of outdoor aerosols or for outdoor sam-
pling (without strong cooking influences) was esti-
mated according to Middlebrook et al. (2012) and
applied to the data. CE ranged between 0.5 and 0.9
for the HOMEChem and ATHLETIC studies. During
periods dominated by cooking emissions, CE¼ 1 was
used for both studies based on the composition domi-
nated by organic oils (Matthew, Middlebrook, and
Onasch 2008).

For volume comparisons with SMPS, the mass con-
centrations of AMS species were converted to partial
volumes via their densities and summed assuming vol-
ume additivity and particles were spherical. OA dens-
ity was estimated from the AMS OA O/C and H/C
atomic ratios (calculated using the improved method
of Canagaratna et al. (2015)) and the density

parameterization of Kuwata, Zorn, and Martin (2012).
We discuss the application of this density parameter-
ization to COA in Section 3. For sampling not
impacted by cooking emissions, the average OA dens-
ity was 1.1 ± 0.1 g/cm3 during ATHLETIC and
1.3 ± 0.1 g/cm3 during HOMEChem. A combined
density of 1.75 g/cm3 was applied to sulfate, nitrate,
and ammonium, approximated from ammonium sul-
fate, ammonium bisulfate, and ammonium nitrate
(Sloane et al. 1991; Stein et al. 1994; Salcedo et al.
2006). A density of 1.52 g/cm3 was applied for non-
refractory chloride based on ammonium chloride
(Salcedo et al. 2006). For outdoor intercomparisons
(HOMEChem only), black carbon was converted to
volume using a density of 1.78 g/cm3 (Park
et al. 2004).

2.6. Laboratory calibrations of species ionization
efficiency in the AMS

IE calibrations were conducted in the laboratory using
the HR-AMS deployed at HOMEChem with the same
settings (DeCarlo et al. 2006). Known components of
cooking organic aerosol were tested: oleic acid, stearic
acid, linoleic acid, and squalene (Abdullahi, Delgado-
Saborit, and Harrison 2013; Lunderberg et al. 2020).
The procedure described by Xu et al. (2018) was
adapted. Organic species were dissolved in methanol
and atomized by a TSI Inc. model 3076 constant out-
put atomizer. Aerosols were dried using a silica diffu-
sion dryer, mobility selected by an electrostatic
classifier unit (model 3080, TSI Inc.), and then mass-
selected by a centrifugal particle mass analyzer
(CPMA, Cambustion Ltd.). The monodisperse output
was split between the HR-AMS and a condensation
particle counter (CPC). A Brechtel Inc. model 1710
mixing CPC or an Aerosol Devices Inc. MAGIC CPC
was used (Hering, Spielman, and Lewis 2014).
Following the calibration of each organic species, the
procedure was repeated to measure the IE of nitrate.
The IE of each species (in ions per molecule) was cal-
culated as the slope of ion Hz measured by the AMS
versus input molecules per second. This method was
used to find the nitrate IE to keep methodology con-
sistent between the organics and nitrate. The uncer-
tainty estimated for the RIE of laboratory generated
aerosol was 30%. Error stems from the CPMA single
particle mass selection (5%), CPC particle number
concentration (20%), and the flow rate into the AMS
(5%). The IE calculated for each species is an
“operational” IE, since H2O and CO were not directly
measured, and instead were calculated using the
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fragmentation table as they are for ambient sampling
(Allan, Delia et al. 2004).

3. Results

3.1. Observations of cooking organic aerosol
(COA) during HOMEChem and
ATHLETIC studies

During HOMEChem, cooking resulted in a range of
bulk PM1 mass concentrations and mass spectral pro-
files. Vegetable stir-fry preparations resulted in
enhancements of PM1 concentration between �30
and 100mg m�3, while Thanksgiving experiments
resulted in greater enhancements (up to �250mg m�3,
measured by SMPS with aerosol density assumption
of 1 g/cm3). Patel et al. (2020) presents an overview of
the observed particle concentrations and size distribu-
tions at HOMEChem. With CE¼ 1 and RIEOA ¼ 1.4
applied, the HR-AMS initially reported concentrations
much higher than co-located instruments (Figure S3).
Intercomparison with volume concentrations derived
from particle sizing instruments suggested that RIEOA
may be higher for fresh COA to reach agreement
between AMS and co-located instruments.

Similarly, the AMS overestimated COA concentra-
tion during the ATHLETIC study. On a few separate
occasions, the instruments sampled COA-dominant
plumes transported to the weight room through the
supply ducts (Figure S4). The OA mass spectrum
averaged during those plumes strongly correlated with
COA measured during HOMEChem (Figure S5), with
characteristic COA ion ratios observed, such as m/z
55/57> 1, similar to Mohr et al. (2009), Liu et al.

(2018), and others (ATHLETIC m/z 55/57¼ 2.79,
HOMEChem m/z 55/57¼ 1.57). The slope of the lin-
ear regression and R2 between the HOMEChem and
ATHLETIC COA mass spectra are 1.066 0.02 and
0.97, respectively, indicating good agreement.

3.2. Intercomparisons using standard AMS
quantification methodology

The accuracy of the HR-AMS was evaluated by first
examining the frequency distribution of the HR-AMS to
SMPS ratio during cooking and non-cooking sampling.
Histograms of the AMSþ black carbon to SMPS particle
volume ratio, (AMSþBC):SMPS, and AMS to SMPS
particle volume ratio are shown for HOMEChem and
ATHLETIC, respectively, in Figure 1 (BC measurement
not available during ATHLETIC). Ambient quantifica-
tion parameters described in Section 2.5 were applied to
AMS data, i.e., RIEOA ¼ 1.4. The SMPS located in the
instrument trailer was used for the HOMEChem inter-
comparison. Additional intercomparisons with the
HOMEChem ACSMs, UHSAS, SEMS, and UTest House
SMPSs are presented in the SI Section 2 (Table S2,
Figures S6–S7). In summary, there was agreement
between the AMS and co-located instruments during
outdoor and indoor non-cooking sampling and over-esti-
mation by the AMS during cooking events.

3.3. Parameters influencing organic aerosol
quantification

Three major factors may contribute to volume dis-
agreements during cooking-dominated periods: (1)
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Figure 1. Relative frequency of (AMSþ BC):SMPS or AMS:SMPS particle volume concentration ratio during outdoor, indoor baseline
(non-cooking), and indoor cooking-dominated sampling periods during (a) HOMEChem and (b) ATHLETIC. HR-AMS concentration
was calculated using quantification parameters for normal ambient aerosols (i.e., RIEOA of 1.4, see details in Section 2.5). A CE of
1.0 was applied during indoor cooking sampling and the Middlebrook et al. (2012) CE parameterization was used for indoor base-
line and outdoor sampling.

1104 E. F. KATZ ET AL.



imperfect size distribution overlap between instru-
ments/AMS transmission efficiency variations, (2) par-
ticle density, and (3) the response factor (RIE and CE)
applied to AMS data. The following discussion will
demonstrate that the RIE and CE applied to AMS
organic data are the most important parameters
impacting the intercomparison during cooking-domi-
nated periods, but to constrain these parameters, the
first two factors must be understood.

During the ATHLETIC COA plumes and some
HOMEChem experiments (Thanksgiving and break-
fast), the particle size distributions were within the
size range of the AMS and SMPS, and good agree-
ment for the relative size distributions was observed
(Figures 2a and c and S8b). However, during
HOMEChem stir-fry and chili experiments, the size
distribution was outside the size range of the SMPS
(Figures 2b and S8a). The UHSAS size range extended
to a diameter of 1 mm and was able to capture more

of the size distribution. Because of the better size dis-
tribution overlap between AMS and UHSAS during
stir-fry and chili, and saturation of the UHSAS during
breakfast and Thanksgiving, we only utilize the
UHSAS for intercomparison during stir-fry and chili
cooking experiments.

The aerodynamic lens in the AMS has reduced
transmission for particles below �50 nm and above
�750 nm in vacuum aerodynamic diameter (Hu et al.
2017; Guo et al. 2020). Because of the particle mass
observed below 100 nm during Thanksgiving and
breakfast and above 600 nm during stir-fry and chili,
the comparison of aerosol size distributions during
HOMEChem cooking events may have been impacted
by the reduced transmission efficiency of the AMS.
The ATHLETIC data was minimally affected by the
AMS transmission efficiency. Applying a transmission
efficiency correction derived from Knote et al. (2011)
and Hu et al. (2017) to the HOMEChem AMS data
resulted in an average increase in integrated volume
concentration of �20% during cooking events.
Without doing such a correction, the particle losses
due to the AMS transmission efficiency are implicitly
included in the RIE determinations, but we consider
deviations in the transmission efficiency in the uncer-
tainty analysis (SI Section 3), similar to previous work
(Bahreini et al. 2009). Transmission corrected size dis-
tributions and transmission curves are shown in
Figure S9.

Particle density can be approximated by the meas-
ured O/C and H/C ratios (Kuwata, Zorn, and Martin
2012), as described in Section 2. For the ATHLETIC
COA plumes, the organic density based on O/C and
H/C ratios was 0.95 g/cm3. Using this method for the
HOMEChem study, the average densities for
Thanksgiving and stir frying were 1.0 g/cm3 and
0.99 g/cm3, respectively. Particle density can also be
inferred by comparison of size distributions measured
by AMS and SMPS. The vacuum aerodynamic diam-
eter, Dva, measured by the AMS is related to the
mobility diameter, Dm, measured by the SMPS and
UHSAS via Equation (3) (DeCarlo et al. 2004).
UHSAS optical diameters were binned to sizes which
represent physical diameters of spherical particles,
making them equivalent to Dm:

Dva�q0
qp

¼ Dm (3)

q0 is unity density (1.0 g/cm3), and qp is the particle
density. The overlap in size distributions (e.g., peak
centers) in Figure 3 indicates that qp � 1.0 g/cm3 for
cooking events and therefore, that the Kuwata, Zorn,
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the supplemental information.
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and Martin (2012) density parameterization is
operative for fresh COA. A density of 1.0 g/cm3 and
0.95 g/cm3 was applied to HOMEChem and ATHLETIC
cooking data, respectively, based on the Kuwata, Zorn,
and Martin (2012) parameterization. The difference of
up to �5% caused by a density assumption of 1.0 g/cm3

is not sufficient to explain the difference in particle load-
ing observed during COA-influenced events at
HOMEChem and ATHLETIC.

Of the parameters discussed, the organic RIE and CE
most strongly influence the calculation of HR-AMS par-
ticle concentration during cooking. When determining a
source-specific RIE, the CE and RIE values and uncer-
tainties are coupled if the CE cannot be directly meas-
ured. At HOMEChem and ATHLETIC, the CE was not
directly measured, however, we expect the CE of COA
to be �1.0 because liquid aerosols have high CE
(Matthew, Middlebrook, and Onasch 2008). For the
remainder of the analysis, we assume CE¼ 1.0 during
cooking. A comparison of HR-AMS particle volume ver-
sus SMPS is displayed in Figure 3 for all ATHLETIC
COA plumes and HOMEChem breakfast and
Thanksgiving experiments combined (experiments which
showed good size distribution overlap with the SMPS).
Similar plots for individual HOMEChem cooking experi-
ments and ATHLETIC plumes are shown in Figure S10.
The AMS particle volume concentration was calculated
using CE¼ 1.0, RIEOA ¼ 1.4 (the ambient RIEOA), and a
density of 0.95 g/cm3 or 1.0 g/cm3. Inorganic volume
(Chl, NO3, NH4, SO4) was calculated assuming a CE of
1.0 and other parameters as described in Section 2.5.
The slopes in Figure 3 multiplied by 1.4 (the ambient
RIEOA) approximate the RIE of the bulk COA (RIECOA),
assuming the HR-AMS over-estimation during cooking
is only influenced by the RIECOA, similar to Reyes-
Villegas et al. (2018). An additional correction of 1.15
(Figure S11) was applied to the HOMEChem data to
account for signal above m/z 100 (HR masses were only
fit up to m/z 100). Table 1 displays this estimated

Table 1. RIE of cooking emissions and laboratory gener-
ated aerosol.a

Cooking Emissions RIE

Reyes-Villegas et al. (2018)� 2.296 0.47
ATHLETIC Nov. 6 4.616 1.52
ATHLETIC Nov. 7 4.966 1.64
ATHLETIC Nov. 16 4.266 1.41
HOMEChem Thanksgiving 5.736 1.89
HOMEChem Breakfast 6.506 2.15
HOMEChem Stir Fry 4.706 1.55
HOMEChem Beef Chili 5.356 1.77
Three study average† 4.166 1.69
Laboratory Aerosol
Stearic Acid 2.566 0.76
Oleic Acid 3.186 0.95
Linoleic Acid 5.776 1.73
Squalene 6.986 2.09
Laboratory Aerosol (Xu et al. 2018)
Oleic Acid 3.0
aCE of 1.0 was assumed. The relative uncertainty (2r) in the RIE for the
ATHLETIC and HOMEChem entries shown in the table is 33% and for
laboratory generated aerosols is 30% (see Sections 2 and S3).
Laboratory RIE is V-mode operational.�The RIE presented is an average and standard deviation of the RIE values
reported with CE of 1.0. The range of RIE reported was 1.56 to 3.06.

†The three-study average simply takes the average of RIECOA from each
study (HOMEChem: 5.57, ATHLETIC: 4.61, Reyes-Villegas et al. (2018):
2.29). The 6 value is the standard deviation of the three RIECOA values,
not a 2r uncertainty.
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Figure 3. HR-AMS vs. SMPS particle volume concentration for
(a) all ATHLETIC cooking plumes combined and (b)
HOMEChem breakfast and Thanksgiving experiments.
Thanksgiving and breakfast data are utilized because the size
distributions during those experiments were within the range
of SMPS sizes analyzed. AMS particle volume was calculated
using RIEOA ¼ 1.4, CE ¼ 1.0, and density ¼ 1.0 g/cm3 and
0.95 g/cm3 for HOMEChem and ATHLETIC, respectively. CE ¼
1.0 and ambient RIE and density described in Section 2.5 were
applied to inorganics, though inorganics were less than 5% of
the measured mass concentration. Data was fit to an orthog-
onal distance regression (ODR) linear fit with a non-zero
y-intercept (to account for ambient OA background). The slope
and R2 correlation coefficient are displayed.
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RIECOA for HOMEChem, ATHLETIC, and laboratory
generated aerosols (discussed in the next section). A
comparison to values derived by Reyes-Villegas et al.
(2018) is also presented (a CE of 1.0 was also assumed).

Inorganic volume (Chl, NO3, NH4) was enhanced
during cooking, though it was <5% of the total mass
measured by the HR-AMS during HOMEChem.
Excluding inorganics from the HOMEChem volume
calculation in Figure 3 resulted in less than 1% reduc-
tion in the slope, thus the RIECOA is not sensitive to
the treatment of inorganics provided they are a small
fraction of the measured mass. A similar effect was
observed for black carbon, as it was usually observed
at less than �2 mg/m3 during cooking unless candles
were burning, so it was excluded from the calculation.
Low-volatility cyclic siloxanes were detected during
HOMEChem Thanksgiving experiments (Brown et al.
2021, Lunderberg et al. 2020). When siloxane ions
were included in the HOMEChem organic signal (not
included normally), the slope derived RIECOA
increased by 4% assuming an RIE of 1.4 for siloxanes.
The siloxane signals were negligible during the
ATHLETIC cooking events, accounting for less than
0.1% of the total OA mass. Due to the small effect on
the RIECOA and unknown uncertainties in their
response factor in the HR-AMS, siloxanes are
excluded from this analysis.

3.4. Laboratory calibrations of species-specific RIE

The RIE of pure compounds associated with cooking
emissions were analyzed to validate the large RIECOA
observed during HOMEChem and ATHLETIC. Bulk
organic ion counts (measured by AMS) and particle
number concentration (measured by CPC) were
monitored during the calibrations. Oleic acid, stearic
acid, linoleic acid, and squalene were tested. To gener-
ate the IE calibration curve, all organic ions (unit
mass resolution) were summed and plotted versus the
calculated influx of molecules per second to the AMS,
derived from the DMA and CPMA single particle
mobility diameter and mass and the CPC particle
number concentration (Figure S12). It is likely that
CE¼ 1 for oleic acid, linoleic acid, and squalene, since
these were liquids at room temperature. Stearic acid
was solid at room temperature, however, here we
assume CE¼ 1 for consistency. If the true CE for ste-
aric acid is less than 1.0, our reported RIE is biased
low, which may explain why the inferred stearic acid
RIE from our method is lower than those for the
other C-18 acids. The calculated RIE values are dis-
played in Table 1 and have an estimated 30%

uncertainty (sources of uncertainty detailed in Section
2). The mass spectrum for each species is displayed in
Figure S13 with key ions noted. Our results agree
well with comparable values published by Xu et al.
(2018) for oleic acid. They report RIE of 3.0 for oleic
acid using a similar experimental setup, compared to
our RIE of 3.186 0.95. Our range of RIE for
HOMEChem cooking emissions (4.70 to 6.50) is
within the range of RIE calculated for laboratory spe-
cies tested on the same instrument (2.56 to 6.98). The
oleic acid RIE was 2.0 for the ToF-ACSM. More
details on the laboratory calibrations are presented in
the SI Section 4.

3.5. Applying new quantification parameters to
HOMEChem data

When applying the new RIE to field data, one import-
ant issue was identified: HOMEChem bulk organic
mass spectra varied depending on the specific cooking
activity and ingredients used. For example, during stir
frying, the addition of stir fry sauce containing sugars
to the hot pan immediately increased the concentra-
tion of more oxidized organic aerosol compared to
when vegetables were saut�eing in cooking oil (Farmer
et al. 2019). Based on the findings of Xu et al. (2018),
RIE should vary in the AMS with differences in spe-
cies oxidation state. Xu et al. (2018) showed that
more reduced species (e.g., oleic acid and squalene)
can have a higher RIE and that after a certain oxida-
tion state threshold, the RIE of species levels off to
1.46 0.3. Consequently, higher RIE may be expected
for reduced components of ambient organic aerosol,
such as COA and hydrocarbon-like organic aerosol
(HOA), originating from primary sources, such as
vehicles. If this effect is important in a dataset, it can
be approximately corrected for by separating the
organic aerosol (OA) into discrete components using
positive matrix factorization (PMF) (Lanz et al. 2007,
Ulbrich et al. 2009) and applying different RIE
and CE to individual components.

A four-factor PMF solution was chosen to describe
the HOMEChem indoor HR-AMS OA mass spectral
matrix during cooking. The PMF Evaluation Tool,
PET, version 3.04A software was used to conduct the
PMF analysis. The SI Section 5 includes the details of
the PMF analysis and the criteria to choose the final
solution. The OA components during cooking include
one oxidized factor (“cBBOA, or cooking-associated
burning/browning OA” estimated O/C¼ 0.61) and
three reduced factors (“COA1, or cooking OA 1,”
“COA2, or cooking OA 2,” and “cHOA, or cooking-
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associated HOA” with estimated O/C of 0.12, 0.16,
and 0.07, respectively). The mass spectrum of each
PMF factor is shown in Figure S14, and the time ser-
ies of each factor’s mass concentration during example
cooking experiments is shown in Figure S15. Existing
literature indicates that AMS quantification of ambi-
ent biomass burning OA using the standard organic
RIE (1.46 0.3) is robust (Crounse et al. 2009; Aiken
et al. 2010). Based on Xu et al. (2018) and these other
ambient observations of biomass burning plumes, the
relatively higher level of oxidation of cBBOA should
merit the use of the standard organic RIE of 1.4. A
higher RIE is likely only needed for the reduced fac-
tors, COA1, COA2, and cHOA.

A custom-fit function (Equation (4)) to the SMPS or
UHSAS total measured volume concentration was uti-
lized to estimate the RIE of the reduced COA factors
while keeping fixed quantification parameters for inor-
ganic ions (SO4, NO3, NH4, Chl; i.e., the RIE described
in Section 2.5 and CE¼ 1) and cBBOA (RIE¼ 1.4, dens-
ity ¼ 1.3 g/cm3 based on the Kuwata expression).

SMPS Volume ¼ ½SO4�
a

þ ½NO3�
b

þ ½NH4�
c

þ Chl½ �
d

þ cBBOA½ �
e

þ COA1½ �
F

þ COA2½ �
F

þ cHOA½ �
F

(4)

a, b, c, d, e, and F are the effective quantification
parameters for each species, RIE�CE, and density for con-
version to volume. F was determined by the fitting the data
to SMPS or UHSAS volume for each cooking experiment
separately. For example, the RIE of the reduced COA fac-
tors was found to be 6.84 and 5.99 (using HR PMF data up
tom/z 100 and the 1.15x correction for masses greater than
m/z 100) for the first Thanksgiving experiment and stir fry
experiments on June 17, respectively, via the custom fit
method. However, it is unclear if this method (“custom fit
method”) is preferred (versus applying a bulk RIE to all fac-
tors, “bulk method”) for the HOMEChem cooking dataset.
When the bulk method was applied to Thanksgiving 1, the
correlation between AMS and SMPS improved slightly
compared to the custom fit method (R2 ¼ 0.96 versus 0.90,
and slope ¼ 0.97 versus 1.04, respectively, Figure S16). For
stir fry experiments, the opposite was true. The correlation
with the UHSAS was slightly worse when the bulk method
was applied (Figure S16).

For ambient datasets with more diverse OA sources
and more clearly resolved oxygenated factors, applying a
higher RIE to chemically reduced PMF factors may con-
sistently improve agreement. Overall, agreement with the

SMPS was within error estimates for each method. To
remain consistent with the current understanding and
laboratory experiments, PMF factors will be presented
with RIEcBBOA ¼ 1.4. Time series of PMF factors calcu-
lated with the two methods are shown in Figure S15.
The time series of particle volume concentration meas-
ured by SMPS and AMS (AMS data quantified using the
custom fit method) for HOMEChem Thanksgiving
experiment 2 is shown in Figure 4.

3.6. Applicability to outdoor datasets

Despite the need for a RIECOA correction during
HOMEChem and ATHLETIC, it is unclear the extent to
which ambient COA retains a high response factor, as it
is greatly diluted outdoors, with evaporation and poten-
tially retention of only less volatile material, changes in
the size distribution, and chemical aging playing a role.
It is possible that a potentially higher RIECOA has not
been identified in prior ambient AMS intercomparisons
because of the relatively low contribution of COA to
total OA in general. For example, if COA is 20% of the
total mass concentration with RIE¼ 1.4 and CE¼ 0.5,
applying an updated combined response factor (RIE �
CE) of 4.16 would cause only a �17% change in mass
concentration, which is within the 35% uncertainty esti-
mate for AMS total mass concentration. Once the COA
or total reduced primary OA (POA) fraction exceeds
�50%, the bias due to the AMS response factor may be
more obvious in intercomparisons with sizing instru-
ments like SMPS. Indoors, where fresh COA can be a
large fraction of the total aerosol mass, the discrepancy
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Figure 4. HR-AMS and SMPS particle volume concentration
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(S1)). The data shown are 10-min averages to improve agree-
ment between the two instruments but still show high
time resolution.
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caused by the AMS response factor cannot be overlooked
or lumped into the general uncertainties of
the technique.

Careful re-analysis of two ambient datasets, Hayes
et al. (2013) and Avery, Waring, and DeCarlo (2019),
suggest a higher combined response factor (RIE �
CE) for POA improves agreement between the AMS
and co-located instruments. The Avery, Waring, and
DeCarlo (2019) winter dataset from Philadelphia,
Pennsylvania 2016 showed a discrepancy between the
AMS and SMPS during sampling periods with high
POA mass fraction (Figure 5). Because of sampling
proximity to food trucks, it is likely that fresh COA
plumes were sampled frequently. Discrepancies were
also identified when the POA fraction (F(POA)) was
low (<0.2) and the inorganic fraction was high
(>0.4), likely due to a higher actual CE or sulfate RIE
(a bulk CE of 0.5 was used) (Figure S17). Time peri-
ods with inorganic mass fraction >0.4 were excluded
from this analysis to isolate the discrepancies caused
by POA, as AMS inorganic quantification and CE
evaluation is outside the scope of this work. With
ambient parameters applied to POA (RIEPOA ¼ 1.4
and CE¼ 0.5), the AMS to SMPS ratio increased lin-
early with increasing POA fraction, as shown in
Figure 5. The concentration time series from periods
with high F(POA) highlights how agreement with the
SMPS improves when a high response factor (RIE �

CE) is applied to POA (4.16 as opposed to 0.7)
(Figure S18).

The Hayes et al. (2013) dataset from the 2010
CalNex campaign in Pasadena, California was likely
influenced by regional COA, in contrast to fresher
COA plumes sampled in Avery, Waring, and DeCarlo
(2019). Our re-analysis focuses on data from
Memorial Day weekend when the COA mass fraction
was high and other species were observed at relatively
low concentrations. Because multiple instrument
issues were present, the correlation (R2) between the
time series of AMS organic carbon (OC) and Sunset
Labs OC measurement was used to identify the range
of optimal POA response factor. The R2 was at a max-
imum when a POA response factor (RIE � CE) of
�1.5 to 2.0 was used (Figure S19), and remained
within 5% of that value to higher response factors.
Docherty et al. (2011) and Jimenez et al. (2016) also
determined a POA response of �1.5 was appropriate
for the SOAR field campaign in Riverside, California.
Similarly, the R2 of the AMS versus SMPS volume for
the Avery, Waring, and DeCarlo (2019) dataset was
highest when RIE � CE¼ 1.5 was applied to POA,
but remained high and the slope leveled off with
increasing response factors, likely because of the
impact of fresher COA in this dataset.

Together, re-analysis of these ambient datasets in
contrast with fresh COA sampled indoors suggest that
the AMS is most sensitive to freshly emitted COA,
and by extension, possibly other POA as well. The
heightened sensitivity is still present, but at a lower
magnitude, for ambient POA (COAþHOA). Further
analysis of additional primary aerosol sources and
ambient datasets is needed to better understand the
AMS response factor to chemically reduced organic
aerosol during source sampling and urban and rural/
remote ambient measurements.

4. Conclusions and discussion

Intercomparisons between the HR-AMS and co-
located instruments indicated the AMS quantification
parameters typically used for ambient analysis were
suitable for the HOMEChem and ATHLETIC datasets
during sampling periods not heavily impacted by
cooking emissions. However, there was a large dis-
crepancy during periods of sustained cooking emis-
sion influence. We found that a modified RIE in the
range of 4.26 to 6.50 was required when COA was
sampled indoors during the HOMEChem and
ATHLETIC field studies, a substantial increase from
the ambient organic RIE of 1.4 (CE of 1.0 was
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Figure 5. Ambient data from Avery, Waring, and DeCarlo
(2019) highlighting a discrepancy between the AMS and SMPS,
likely caused by a high POA response factor, or RIE� CE. The
ratio of AMSþ BC to SMPS volume is plotted on the y-axis ver-
sus the POA (COAþHOA) volume fraction, F(POA). All organic
species are quantified using RIE ¼ 1.4 and CE ¼ 0.5 (typical
ambient parameters). Data with the inorganic fraction >0.4
were excluded to avoid presenting confounding discrepancies
not caused by POA.
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assumed during cooking periods). The RIE calculated
for HOMEChem and ATHLETIC data fell within the
range of RIE calculated for laboratory generated aero-
sol of species expected to be in COA (e.g., oleic and
linoleic acid). A 2r uncertainty of 33% was estimated
for the measurement of RIE for COA sampled during
HOMEChem and ATHLETIC.

Considering the range of RIECOA presented here
(4.26 to 6.50) and Reyes-Villegas et al. (2018) (1.56 to
3.06), it is possible that different cooking styles and
ingredients can influence the response factor in the
AMS. The RIE of laboratory generated oleic acid
aerosols, a major decomposition product of rapeseed
and olive oil, was 3.186 0.95, while the RIE of linoleic
acid, a major decomposition product of soybean oil,
was 5.776 1.73. The higher RIE observed during
HOMEChem is possibly due to the use of soybean
versus rapeseed oil for cooking, compared to Reyes-
Villegas et al. (2018). The implications of a highly
variable and elevated COA RIE are greatest if sam-
pling near a strong cooking source (e.g., experiments
like HOMEChem), and less significant for ambient
datasets when occasional COA-dominant events are
sampled (e.g., ATHLETIC). The variability in size dis-
tributions observed for different cooking experiments
at HOMEChem (Figure 2), in addition to the variable
RIE, highlights the complexity in COA detection and
quantification with the AMS. It is important to con-
strain these variables under controlled settings to bet-
ter understand the AMS response to ambient organic
aerosol, especially in urban environments with numer-
ous primary sources.

In future studies, AMS users may consider utilizing
a similar custom fit method (Section 3.5) to estimate
the RIE of PMF-derived COA (as well as HOA or
other factors) if high-quality instrument intercompari-
sons are available. In situations where intercompari-
sons cannot yield similar results (e.g., poor size
distribution overlap between co-located instruments
or saturation of an optical particle instrument), we
recommend applying a RIECOA of 4.16 and CE of 1.0
to COA indoors and considering the applicability of a
higher POA (HOAþCOA) response factor (RIE �
CE approximately 1.5 to 2) for outdoor datasets if
POA is a large fraction of OA instead of using a
RIEOA of 1.4 (and CE of 0.5) based on the re-analysis
of prior studies (Docherty et al. 2011; Hayes et al.
2013; Jimenez et al. 2016; Avery, Waring, and
DeCarlo 2019). The RIE of 4.16 is an average of the
slope derived RIE from HOMEChem, ATHLETIC,
and Reyes-Villegas et al. (2018). A graphical compari-
son of the RIE presented here and by Reyes-Villegas

et al. (2018) is shown in Figure S20. Though there is
some variability, the independently calibrated values
from the three studies support that indoor RIECOA is
higher than the value used for ambient organics
(ambient RIEOA ¼ 1.4). Re-analysis of two ambient
datasets (Hayes et al. 2013; Avery, Waring, and
DeCarlo 2019) also indicated improved consistency
between the AMS and co-located instruments when a
higher response factor (RIE � CE) was applied to
ambient PMF-derived POA (HOAþCOA). The
response factor for ambient POA does not appear to
be as high as for fresh COA sampled indoors, but
future studies of primary aerosol sources will be
needed to quantify this effect. The reasons for
increased detection efficiency of POA introduced by
Jimenez et al. (2003) (electron ionization cross sec-
tion) and theorized by Murphy (2016) (increased
dwelling time in the detection region) may both play
a role in the observed RIE, along with other effects.

As advanced instrumentation originally developed
for studying ambient atmospheric chemistry is
brought indoors, it is essential to consider possible
response and quantification differences that may exist
under the different sampling conditions. Indoors,
aerosols emitted from a single source can reach high
concentrations with limited evaporation and chemical
aging and dominate observed concentrations for long
periods of time, whereas outdoors, dilution, mixing,
and chemical transformations play a much greater
role in governing observed aerosol concentrations and
composition. Atmospheric processing may alter the
RIE or CE of fresh COA, possibly explaining why
large discrepancies have not been widely noted. It is
important to note that our goal is not always to reach
100% agreement with co-located instruments, as every
instrument has specific biases in calculating particle
concentration and associated uncertainty. Our aim is
to highlight the improvement in AMS quantification
methodology when a reduced primary source domi-
nates the total observed particle concentration and
further emphasize the importance of careful intercom-
parisons in future field studies.
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