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ABSTRACT
In this study we evaluate the recently upgraded aethalometer (AE33) and the newly released tricolor absorption
photometer (TAP) with respect to their response to wildfire aerosol plumes during their deployment at the Mount Bachelor
Observatory (MBO; 2763 m a.s.l.) in central Oregon, USA, during the summer of 2016. While both instruments use similar
methodology (i.e., light extinction through an aerosol-laden filter), each has a unique set of correction schemes to address
artifacts originating from filter loading, scattering from captured aerosol particles, and multiple scattering effects of the filter
fibers. We also utilize a Single Particle Soot Photometer (SP2) to determine refractory black carbon (rBC) in these air masses.
In addition to comparing the AE33 filter-loading correction methodology to previously published aethalometer correction
schemes, we also compare the AE33 to the correction schemes used for the TAP and evaluate the degree to which the
different correction factors influence the derived absorption Å ngström exponents (AAE) and mass absorption cross sections
(MACs). We find that while the different correction factors for either the AE33 or TAP do exert an influence on the derived
MACs, AAEs exhibit the most sensitivity to the correction schemes. Our study finds that using the AE33 manufacturer’s
recommended settings results in aerosol light absorption coefficients that are 3.4 to 4 times greater than the aerosol light
absorption coefficients reported by the TAP. We calculated a correction factor (Cf) of 4.35 for the AE33 by normalizing the
AE33 to match the TAP. The uncorrected AE33 also gives equivalent black carbon (eBC) values that are approximately
2 times the rBC measured by the SP2 instrument. We also find that biomass burning aerosols result in significant MAC
enhancements, particularly at lower wavelengths, which is attributable to brown carbon (BrC).
Keywords: Aerosol scattering; Aerosol absorption; SP2; AE33; TAP; PSAP.

INTRODUCTION
Aerosols play an important role in the Earth’s radiative
budget by directly scattering and absorbing solar radiation
(Myhre et al., 2013). Light absorption by aerosols is dominated
by carbon species emitted during the combustion of biomass
or fossil fuels. While the most important light-absorbing
aerosol remains black carbon (BC) (Bond et al., 2006, 2013)
it is now recognized that brown carbon (BrC) is also important.
These light-absorbing organic aerosols are emitted primarily in
biomass burning (BB) and are distinguished by their preference
to absorb at near-UV wavelengths (Kirchstetter et al., 2004;
Andreae and Gelencser, 2006; Saleh et al., 2013). Given the
increase in wildfire activity (Dennison et al., 2014; Abatzoglou
and Williams, 2016) and the large aerosol mass that these events
inject into the atmosphere, having accurate measurements of
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aerosol absorption by BB aerosols is crucial for improved
quantification of the contribution to aerosol radiative forcing.
Measurement of light absorption using a filter-based
instrument, which is the predominate method used in the
field, derive the absorption coefficient, σabs, by measuring the
change in light attenuation due to aerosol loading on a filter
(Hansen et al., 1984; Bond et al., 1999). The raw attenuation
(ATN) coefficient (σATN, Mm–1) can be thought of as the
uncorrected absorption coefficient as it contains contributions
from both light absorption and scattering from both the
captured aerosol particles on the filter and the filter media
itself. To derive the desired light absorption coefficients,
σATN must be corrected for measurement artifacts unique to
this class of instrumentation and include contributions from
the filter itself and potential modification of aerosol optical
properties due to the deposition of these particles onto the
filter. These measurement corrections fall into three major
classes: (1) filter-loading corrections, which correct for the
accumulation of light-absorbing particles on the filter that
reduce the optical path; (2) multiple light-scattering corrections,
which correct incident light scattered by the filter fibers of
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an unloaded filter; and (3) aerosol scattering corrections, which
correct for the incident light scattered off of light-scattering
particles loaded onto the filter (Bond et al., 1999). These
artifacts limit the accuracy of these measurements to 20–
30% (Springston and Sedlacek III, 2007; Bond et al., 2013).
Another subtle, but important, consideration is that upon
contact with the filter the aerosol particle morphology could
be altered leading to further uncertainty, which is not captured
by corrections currently used. Still further complications can
be encountered when liquid-like organic aerosols (OA) coat
the filter fibers (Subramanian et al., 2007) or interact with the
probe light leading to enhanced absorption (Lack et al., 2008).
Indeed, when the ratio of OA to BC is high, as is common for
biomass burn events, filter-based absorption coefficients have
been shown to be biased high by 50–80% (Cappa et al., 2008;
Lack et al., 2008; Kondo et al., 2009). In-situ measurement
of aerosol absorption instruments using photoacoustic
spectroscopy (PAS) or photothermal interferometry (PTI) have
less biases and lower uncertainties compared to filter-based
instruments (Moosmuller et al., 2009; Bond et al., 2013), but
these methods are more complex and require more care
during operation.
The lower cost and minimal maintenance of filter-based
instruments has made them preferred for long-term
observations of aerosol light absorption. The National
Oceanic and Atmospheric Administration (NOAA), the
Global Atmosphere Watch (GAW) program, and the U.S.
Department of Energy’s Atmospheric Radiation Measurement
(ARM) program have used various filter-based instruments
to measure aerosol light absorption at their long-term surface
research sites since the 1990s and will continue to use these
instruments into the future (Ogren et al., 2017; Andrews et
al., 2019).
In this study we evaluate the response of two filter-based
instruments with respect to wildfire plumes where filterbased bias in these measurements is expected to be highest:
the tricolor absorption photometer (TAP, Brechtel Inc.,
Hayward, CA) and the recently updated aethalometer (model
AE33, Magee Scientific, Berkeley, CA). The TAP measures
absorption coefficients at 465, 520, and 640 nm, while the
AE33 measures absorption coefficients at 370, 470, 520,
590, 660, 880, and 950 nm. Motivation for conducting
absorption measurements at multiple wavelengths is that it
allows for the quantification of the wavelength dependence,
which can be used to distinguish between BC and BrC—the
latter being light-absorbing organic aerosols. Given the
likely continued and future use of the TAP and AE33, it is
imperative to characterize these two instruments for a range
of conditions so that absorption measurements derived from
these instruments can be harmonized and compared.
Our goals for this study are:
1. Evaluate the efficacy of TAP and AE33 filter-loading
and scattering correction schemes for wildfire aerosols.
2. Examine if the derived absorption Å ngström exponents
(AAEs) from the TAP and AE33 exhibit a dependence
on correction methods and, if a dependence is found,
evaluate the extent to which this dependence influences
apportionment of BC and BrC absorption via AAE.
3. Derive and compare mass absorption cross sections

(MACs) for the TAP and AE33 using refractory black
carbon (rBC) mass concentrations reported by a co-located
Single Particle Soot Photometer (SP2).
METHODS
Mt. Bachelor Observatory
The Mount Bachelor Observatory (MBO), located at the
summit of Mt. Bachelor in central Oregon, USA (43.98°N,
121.69°W, 2764 m a.s.l.), is a mountaintop site that has been
in operation since 2004 (Jaffe et al., 2005). A suite of
measurements (including carbon monoxide (CO), ozone
(O3), aerosol scattering coefficients, and metrological
measurements) have been made continuously at the summit
site since measurements began. This unique location has
allowed the study of BB plumes in the free troposphere from
regional and distant sources in the spring, summer, and fall
(Weiss-Penzias et al., 2007; Wigder et al., 2013; Timonen
et al., 2014; Baylon et al., 2015; Briggs et al., 2016; Collier
et al., 2016; Zhou et al., 2017), and long-range transport of
Asian pollution in the spring (Jaffe et al., 2005; Weiss-Penzias
et al., 2006; Fischer et al., 2010a, b; Reidmiller et al., 2010;
Ambrose et al., 2011; Timonen et al., 2013, 2014; Gratz et
al., 2015; Zhang and Jaffe, 2017).
At MBO the instruments are located in a temperaturecontrolled room within the summit building, situated
approximately 15 m below the aerosol inlet. The aerosol
sample line is designed so that the last 2.5 m is located
within a space that is temperature controlled at ~20°C. All
measurements were downstream of a PM1 cut size impactor.
When outside relative humidity (RH) is high (> 50%), the
temperature difference between the outside and instrument
room reduces the RH of the sample airstream. During the
campaign the RH measured by the nephelometer was < 35%.
The measurements discussed here range from July through
September 2016.
Tricolor Absorption Photometer (TAP)
Aerosol light absorption coefficients (σabsTAP) were also
measured with a 3-wavelength (λ) tricolor absorption
photometer (TAP, Brechtel Inc., Hayward, CA) at wavelengths
465, 520, and 640 nm. We used quartz filters (Pallflex, E702075W) throughout the campaign. The TAP is the
commercially available version of NOAA’s continuous light
absorption photometer (CLAP) (Ogren et al., 2017). From a
measurement methodology point of view, the CLAP and
TAP are similar to the Particle Soot Absorption Photometer
(PSAP), except for the feature of being able to sample
sequentially through eight spots on a single filter thereby
allowing these two instruments to operate 8x longer before
requiring a technician to replace the filter media. A
detailed description of the CLAP is provided in Ogren et
al. (2017).
For this study, we set the transmittance threshold whereupon
the TAP starts collecting sample on a new spot at 0.7 to
minimize loading effects and complications arising from the
departure from signal linearity—this translates to an ATN of
36. The reported TAP σabs were flow and spot size corrected.
One distinguishing hardware attribute between the CLAP
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and the TAP is that the latter uses O-rings to create a seal
between the filter holder and the filter itself. Securing the
filter this way leads to more ambiguous edges in the actual
spot area and impacts the derived absorption cross section.
Due to the ambiguity in the edge of the filter spot we used
the manufacturer’s recommended value of (30.721 mm2)
and estimate the uncertainty in spot area to be ~20%.
The two correction methods for the TAP used in this study
come from (1) Ogren (2010), which updated the Bond et al.
(1999) correction, (2) and Virkkula et al. (2005), which was
updated by Virkkula (2010). Both correction algorithms
were developed empirically and correct for aerosol loading
and apparent absorption from light-scattering particles. The
Bond et al. (1999) correction was developed for the 1 λ
PSAP (567 nm) and updated for the 3 λ PSAP in Ogren
(2010), whereas the Virkkula (2010) correction was developed
for the 3λ. The details for these corrections are in Table S1.
We did not evaluate the Müller correction method (Müller
et al., 2014), which uses a two-stream radiative model, but
is complicated to implement.
Aethalometer (AE33)
A newly upgraded 7-wavelength aethalometer model
AE33 (Magee Scientific, Berkeley, CA) was used to measure
light absorption coefficients (σabsAE) at wavelengths of 370,
470, 520, 590, 660, 880, and 950 nm (Drinovec et al., 2015).
Like with the TAP, we set the criteria for using a new filter
spot at a light ATN threshold of 120, which translates to a
transmittance of 0.36. This threshold is very low and puts
the optical measurement in the non-linear condition, so in
post-processing we removed data with transmittance < 0.5.
As mentioned above, the AE33 is an upgraded model of the
aethalometer in that offers a real-time aerosol-loading
compensation algorithm using DualSpot™ technology
(Drinovec et al., 2015). Specifically, the AE33 uses two spot
measurements with different flow rates and, thus, different
aerosol-loading rates. By using these two measurements, a
reduction in the bias on aerosol loading by filter loading can
be realized. This allows for the calculation of real-time filterloading correction. Henceforth, this dual-spot filter-loading
correction, kD, is referred to as the Drinovec correction.
The AE33 outputs equivalent black carbon (eBC) mass
concentrations. Black carbon is operationally defined and
Petzold et al. (2013) suggested “BC” concentrations derived
from absorption measurements should be called equivalent
black carbon. Absorption coefficients (σabsAE33) were “backcalculated” from the reported eBC values using the AE33
mass absorption cross sections (MACAE33) used internally
by the instrument.
σabsAE33-Drinovec = eBC × MACAE33

(1)

the MACAE33 values are 18.47, 14.54, 13.14, 11.58, 10.35,
7.77, and 7.19 m2 g–1 for 370, 470, 520, 590, 660, 880, and
950 nm, respectively (Drinovec et al., 2015). Attenuation
coefficients (σATN) were obtained by removing the Drinovec
filter-loading correction (1 – kD × ATN) and the multiple
scattering correction, Cref (which were automatically applied
to the aethalometer output).

σATN = σabsAE33-Drinovec × (1 – kD × ATN) × Cref

665

(2)

the σATN determined in Eq. (2) is used as the base to explore
other filter-loading corrections.
Two differences between the AE33 and previous versions of
the aethalometer (e.g., AE31) are the filter media and MAC
values used internally to calculate eBC mass concentrations.
The upgraded AE33 uses a tetrafluoroethylene (TFE)-coated
glass fiber filter tape, whereas the older version aethalometers
use a quartz fiber filter tape. The TFE-coated glass fiber
filter tape is less sensitive to air sample relative humidity.
The aethalometer MACs are empirically derived and the
AE31 MAC values are more than twice as large as the AE33
MAC values. This means that although the AE31 and AE33
eBC mass concentrations show good correlation (slopes from
0.9 to 1.19) (Drinovec et al., 2015; Rajesh and Ramachandran,
2018), the derived σabs reported by the AE31 are expected to
be much higher.
There are various post-processing correction schemes for
aethalometers to address for filter-loading, scattering effects
of loaded aerosol, and multiple scattering effects of the filter
(Weingartner et al., 2003; Arnott et al., 2005; Schmid et al.,
2006; Virkkula et al., 2007; Collaud Coen et al., 2010). Some
studies have combined parts of different correction schemes
together, making direct comparisons difficult (Yang et al.,
2009; Segura et al., 2014; Ran et al., 2016; Segura et al.,
2016; Wang et al., 2017).
Collaud Coen et al. (2010) evaluated AE31 correction
algorithms and proposed a new correction algorithm based
on data collected from four European sites with several types
of aerosols (free tropospheric, urban, maritime, and rural
background). They included four filter-loading corrections
(Arnott, Virkkula, Weingartner, and Collaud Coen) and two
scattering corrections (Arnott and Schmid). They also
presented a new scattering correction parameterization that
essentially creates two new scattering corrections, using the
same Arnott and Schmid equations but using different
parameter values. Saturno et al. (2017) differentiates between
these as the “Arnott” correction and the “Collaud Coen’s
Arnott-like” correction. In our study we refer to the Arnott
and Schmid scattering corrections using Collaud Coen’s
nomenclature as Arnott-b and Schmid-b, respectively.
In this paper we will evaluate a subset of the filter-loading
and scattering corrections detailed in Collaud Coen et al.
(2010) in comparison with the dual-spot Drinovec correction
for aerosols produced in biomass burning. We do not
implement the Arnott filter-loading correction (Arnott et al.,
2005) as it was deemed in Collaud Coen et al. (2010) to
produce a significant number of outliers and exhibited the
highest standard deviation when compared to Multiangle
Absorption Photometer (MAAP) data. In summary, the filterloading corrections evaluated are the Drinovec, Virkkula,
Weingartner, and Collaud Coen correction algorithms. We
also examine the scattering corrections to the Drinovec
filter-loading correction so as to evaluate their effect. The
scattering corrections evaluated are the Arnott, Schmid,
Arnott-b, and Schmid-b scattering corrections. The details
for the corrections are in Table S1.
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Single Particle Soot Photometer (SP2)
Refractory BC (rBC) mass concentration was measured
using a Single Particle Soot Photometer (SP2; Droplet
Measurement Technologies, Longmont, CO). To differentiate
from other BC concentrations, Petzold et al. (2013) suggested
“BC” concentrations from laser-induced incandescence report
their concentrations as refractory black carbon. Detailed SP2
operating principles and analysis procedures have been
previously described and thus will only be highlighted here
(Stephens et al., 2003; Schwarz et al., 2006; Moteki and
Kondo, 2007; Schwarz et al., 2008b; Moteki and Kondo,
2010). In brief, the SP2 measures the time-dependent scattering
and incandescence signals generated by individual BCcontaining particles as they travel through a continuouswave laser beam operating at 1064 nm. If the interrogated
particle contains a BC component, some of the laser energy
will be absorbed until the temperature of the BC component
is raised to the point of incandescence. The individual particle
incandescence signals are converted to particle mass (obtained
via calibration) that can then be converted to an equivalent
diameter to yield a BC-specific size/mass distribution. In
keeping with the nomenclature advocated by the SP2
community, we henceforth refer to the incandescence BC
component as refractory black carbon (rBC). During the
deployment at MBO, the SP2 detected incandescence signals
from particles with a mass equivalent diameter in the range
of 60–400 nm. We calibrated the SP2 scattering channel
using size-selected polystyrene latex spheres (PSL) and the
incandescence channel using fullerene soot (Alfa Aesar; stock
no. 40971; lot no. L18U002) prior to and after the campaign.
Uncertainties in BC mass concentration are estimated to be
± 30%.
Additional Measurements and Calculations
Aerosol light-scattering coefficients (σscat) were measured
using an integrating nephelometer (model 3563, TSI, Inc.,
Shoreview, MN) at wavelengths 450, 550, and 700 nm. The
σscat values were corrected for drift and scattering truncation
according to the scheme laid out by Anderson and Ogren
(1998). Dry particle aerosol number size distribution was
measured with a Scanning Mobility Particle Sizer (SMPS;
model 3938, TSI, Inc., Shoreview, MN). Details regarding
calibrations and corrections are available in Laing et al.
(2016).
Comparison of the derived AAE values for the TAP and
AE33 were calculated using σabs measured at wavelengths
() 470 and 660 nm using Eq. (3). Single scattering albedo
(SSA) values used throughout the study were calculated
with Eq. (4) at 520 nm.

AAE  

SSA  

log  abs  1   abs  2  
log  1 2 

 scatTAP
 scat   absTAP

(3)

(4)

The TAP measures aerosol light absorption at different

wavelengths than the AE33. Therefore, to facilitate direct
comparison between the two instruments, the derived
absorption coefficients from the TAP (σabsTAP) were
interpolated from 465 nm to 470 nm, and from 640 nm to
660 nm, the wavelengths of the AE33, using the equation
below.
σabs (λ1) = σabs (λ2)[λ2 ⁄ λ1]AAE

(5)

The TAP wavelength-adjusted σabs at 470 nm was derived
from the TAP σabs at its native wavelength of 465 nm using
AAE values calculated for the 465–520 nm wavelength pair.
Similarly, the TAP wavelength-adjusted σabs at 660 nm used
the σabs at 640 nm and AAE values for the 520–640 nm pair.
These AAE values are just used to interpolate the σabs, and
not used throughout the rest of the manuscript.
All particle measurements were corrected to standard
temperature and pressure (STP; T = 273.15, P = 101.325 kPa).
RESULTS AND DISCUSSION
The campaign was separated into BB-influenced periods
and nonBB periods. During the campaign the MBO site was
engulfed by three days of wildfire smoke (Fig. 1; 8/29/2016
to 9/1/2016) from the Gap Fire, in northern California.
Transport time from the fire origin to MBO is estimated to
range from 10 to 15 hours using HYSPLIT back-trajectories.
BB periods were defined as any 5-min average with
aerosol scattering at (550 nm) > 15 Mm–1 during the Gap
Fire. During the BB periods the Δσscat/ΔCO was 0.84 (R2 =
0.90), very consistent with previous BB events at MBO (Laing
et al., 2016). All other periods are assumed to be nonBB
periods and thus represent regional background air masses.
Using monthly water vapor criterion developed by (Zhang
and Jaffe, 2017) to distinguish between free troposphere (FT)
and boundary layer–influenced (BLI) air masses, we find
that 66% of the nonBB period were FT and 34% were BLI.
Intra-comparison of Filter-based Absorption Correction
Methods
TAP Corrections
The TAP absorption coefficients were corrected using the
algorithms developed by Ogren (2010) and Virkkula (2010),
hereby referred to as O2010 and V2010, respectively.
Compared to just the O2010 and V2010 filter-loading
corrections, adding the scattering corrections decreases the
derived σabsTAP by 20–36% (Fig. S1). This decrease is large
due to the high SSA values, indicating a large scattering
component of the aerosol throughout the campaign (between
0.9 and 1). The scattering corrections are a fraction of σscat
subtracted from the σabs so the greater the SSA, the greater
the impact of the scattering correction.
The O2010 correction is the updated Bond et al. (1999)
correction, where the correction schemes were extended
beyond the single-wavelength PSAP instrument (567 nm)
used by Bond. The reference instruments used to develop
the Bond et al. (1999) correction measured at 550 nm, thus
the corrected absorption value was reported at 550 nm. The
O2010 correction expanded the Bond et al. (1999) correction
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Fig. 1. Time series of 5-min averaged data during the 2016 summer campaign. The designated BB period is shaded.
to remove the implicit adjustment to 550 nm and provide
corrections for three-wavelength PSAPs. The O2010 correction
parameters are the same for every wavelength, whereas the
V2010 corrections were developed for the three-wavelength
PSAP and thus have wavelength-specific correction parameters
(Table S1). One direct consequence of this is that the correction
schemes for V2010 and O2010 σabsTAP are inconsistent across
wavelengths (Fig. 2). For example, at 470 nm the slope
between V2010 and O2010 is 1.06, whereas at 660 nm the
slope is 0.83. As discussed later in "Comparison of AAEs"
section, these differences have strong implications for derived
AAE values and the subsequent compositional interpretation
of the sampled aerosol when using AAE values.
AE33 Corrections
Filter-loading Corrections
In this section we first compare the performance of the
Drinovec filter-loading correction with previously published
aethalometer filter-loading corrections and then extend this
evaluation to assess the impact of scattering corrections with
the Drinovec filter-loading correction. To this end we evaluated
three filter-loading corrections (Virkkula (RV) (Virkkula et
al., 2007), Weingartner (RW) (Weingartner et al., 2003), and
Collaud Coen (RC) corrections (Collaud Coen et al., 2010))
against the new dual-spot Drinovec correction (RD). These
correction schemes are defined in Table S1.
The Virkkula correction employs a parameter (ki) that
aligns the last measurement on a filter spot with the first
measurement on the next filter spot. Determining the Virkkula
ki values proved challenging due to the high variability of
absorption coefficients between filter changes, especially
during the biomass burning periods. The ki values were
calculated as described in Virkkula et al. (2007), but minimum
and maximum values of –0.005 and 0.010 were set such that
calculated ki values that fell outside theses limits were set to

either the minimum or maximum allowable threshold value.
The chosen minimum and maximum limits span the range
observed in Virkkula et al. (2007). Most of the filter spots
end up with a Virkkula ki value of 0.010, which is a typical
value for wood smoke (Allen et al., 2011).
The derived Virkkula σabsAE have similar values to the
Drinovec σabsAE across all wavelengths with slopes increasing
with wavelength from 0.96 at 370 nm to 1.05 at 950 nm
(Fig. S2). The Weingartner σabsAE and Collaud Coen σabsAE
agree well with Drinovec σabsAE at high wavelengths, but the
slope decreases with decreasing wavelength. This is likely
due to the wavelength dependence of the Drinovec correction
factor.
The Drinovec correction (RD) shows a clear wavelength
dependence. This wavelength dependence was observed for
the Virkkula correction (RV) when the Virkkula ki values are
positive. Due to high aerosol SSA (0.9–1) throughout the
campaign, the Weingartner (RW) and Collaud Coen correction
factors (RC) stayed near unity at all wavelengths. For both
Weingartner and Collaud Coen, as SSA approaches 1, RW
and RC approach 1. The wavelength dependence of the
derived AAEs on the correction schemes will be discussed
in "Comparison of AAEs" section.
Scattering Corrections
We evaluated four scattering corrections, (1) Arnott (Arnott
et al., 2005), (2) Schmid (Schmid et al., 2006), (3) Arnottb, and (4) Schmid-b (Collaud Coen et al., 2010). The Arnott
and Schmid correction schemes use scattering correction
parameters α(λ) as defined in Arnott et al. (2005). Collaud
Coen et al. (2010) updated the Arnott and Schmid scattering
correction schemes by creating new parameter values α(λ);
and by using the mean σabsAE and SSA since the last filter spot
change instead of the σabsAE and SSA measured simultaneously
at the time of the absorption measurement. The updated
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Fig. 2. Comparison of σabsTAP calculated using V2010 and O2010 correction schemes using 5-min averages. The solid line
is 1:1.
versions of the Arnott and Schmid scattering correction
schemes are Arnott-b and Schmid-b, respectively. All four of
these scattering correction schemes are defined in Table S1
and further detailed in Collaud Coen et al. (2010).
To evaluate the scattering corrections, we added them to
the Drinovec filter-loading corrected σabsAE. For both scattering
corrections, using the Arnott values decreases σabsAE
significantly more than using the Collaud Coen values
(Figs. S3 and S4). The Arnott scattering correction with
Arnott parameter values decreases σabsAE the most (from 13–
33%, increasing with wavelength), and the Schmid scattering
correction with Arnott parameter values decreases σabsAE the
second most (~18%). Using the Collaud Coen parameter
values in the Arnott scattering correction decreases the
σabsAE by ~5% and using the Collaud Coen parameter values
in the Schmid scattering correction decreases the σabsAE by
5–8%, which decreases with wavelength.
Multiple Scattering Correction
The multiple scattering correction (Cref), which addresses
the scattering effects of the filter itself, is the most variable
of the three corrections available for aethalometer-derived
σabs values. This variability in Cref for the AE33 represents a
major source of uncertainty.
The Cref for Pallflex Teflon-coated glass fiber (TFE) filter
tape is set to 1.57 in the AE33 software and is not wavelength
dependent (Drinovec et al., 2015). This manufacturer’s default
Cref of 1.57 is based on a 2-week campaign involving two
collocated AE33s—one with TFE tape and the other with
quartz filter tape. A Cref of 2.14 was assumed for the quartz
filter as per Weingartner et al. (2003), and Cref of 1.57 for
the TFE filter was obtained by setting the BC values at ATN
= 0 equal for both filters. The Cref value of 2.14 is based on
laboratory-generated fresh soot particles and diesel particles
mixed with ammonium sulfate (Weingartner et al., 2003).
Ambient measurements using aethalometers with glass fiber
tape have reported Cref values from 3 to 8, and have shown
Cref to depend on location, season, and aerosol type (Collaud
Coen et al., 2010; Laborde et al., 2013; Segura et al., 2014;
Segura et al., 2016; Backman et al., 2017; Saturno et al., 2017).
This suggests the “default” value of 2.14 is too low. Indeed,

Müller (2015) recommended a wavelength-independent Cref
value for the AE31 of 3.5 ± 0.875 based on data from eight
European monitoring stations. Similar values (e.g., ~3.5)
were reported by Segura et al. (2016) and Zanatta et al.
(2016). Müller (2015) also recommended a wavelengthindependent Cref for the AE33 of 3.2 based on measurements
in Leipzig but stated that more data was needed for a more
comprehensive evaluation.
Ideally, calculation of the multiple-scattering correction
factor should require a collocated reference absorption
instrument such as a MAAP (Weingartner et al., 2003) or
one of the in-situ techniques (e.g., PAS or PTI). Absent such
a reference measurement, we are left with having to choose
which dataset will serve as our benchmark. A recent study
has shown the TAP σabs to be within ± 30% of in-situ σabs
measured using PAS for fresh and aged BB aerosol (Davies
et al., 2019). Since this is near the accuracy of filter-based
absorption instruments, we can justify using the TAP as the
reference absorption method to harmonize the AE33 σabs. As
the TAP is also a filter-based absorption instrument that
exhibits similar biases as the AE33, we calculate a correction
factor (Cf) instead of a Cref, which we define here as,
Cf = σATN AE33 ⁄ σabsTAP

(6)

This approach was recently utilized by Backman et al.
(2017) to harmonize aethalometer σabs with σabs from other
filtered-based instruments (PSAP, CLAP, and MAAP) at six
Arctic stations and where they recommend a Cf value of 3.45.
Kim et al. (2018) calculated Cref values of between 4.27 and
5.01 using a Photoacoustic Soot Spectrometer (PASS-3;
Droplet Measurement Technologies, Inc., Longmont, CO), and
when they applied these to aethalometer σabs measured at
GSN (Gosan, Korea), LLN (Lulin, Taiwan), and ALT (Alert,
Canada) stations found the difference to be ~9% compared
to CLAP σabs. We must emphasize that we are not suggesting
the TAP is a better instrument than the AE33 or that the
AE33 absorption coefficients are “wrong”, but rather that this
approach allows us to harmonize the TAP and AE33 σabs data.
The correction factors, Cfs, were derived using all (BB
and nonBB) 5-min data points at 470, 520, and 660 nm
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(Table 1). The Cfs used V2010 corrected σabsTAP values and
the 5-min averaged data were filtered to exclude values of
σabsTAP and σabsAE that were less than the method detection
limit (MDL)— which was set as three times the standard
deviation of 5-min averaged σabsTAP while sampling HEPAfiltered air. The Cf values for the BB period are significantly
lower than the nonBB periods at 470 nm. There is an
inversely proportional relationship between Cf and AAE at
470 nm, which is slightly seen at 520 nm, and not observed
at 660 nm (Fig. S5). Another noteworthy trend was also
found between Cf and SSA (Fig. S6). At all wavelengths, Cf
ranges from 3–6 from SSA 0.9 to 0.95. From SSA 0.95 to
0.98, Cf470nm and Cf520nm increase exponentially. Cf values
have a slight downward trend with increasing aethalometer
ATN, which is expected due to filter loading (Fig. S7). Cf
values for all three wavelengths are highest when SSA is
high (> 0.95) and AAE is equal or below 1 (Fig. S8). We
further investigate the role of compositional dependence on
Cf using an aerosol classification scheme using the AAE and
scattering Å ngström exponent (SAE) relationship (Cappa et
al., 2016). According to this classification scheme, large Cf
values (> 5) are associated with small, BC-dominated particles
(Fig. 3), whereas Cf values < 5 are not defined by an individual
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sector and, instead, represent aerosols consisting of BrC.
The Cf trends with AAE and SSA are not ATN dependent as
they are observed even when only σATN values with ATN <
10% are used.
For the remainder of the manuscript the mean value for Cf
= 4.35 derived at 470, 520, and 660 nm is used to correct
σabsAE at all wavelengths for AE33 data.
Inter-comparison of Filter-based Absorption Coefficients
(TAP and AE33 σabs)
Absorption Coefficients
In this section we compare the V2010-corrected σabsTAP
values to σabsAE values corrected using the methods discussed
above. The filter spot changes were not synchronized between
the AE33 and TAP, meaning the TAP filter spot changes and
AE33 filter spot changes did not occur at the same time. This
means the filter-loading effects based on transmittance (or
attenuation) were not uniform for the TAP and AE33
throughout the campaign.
While the regression slopes between σ absTAP and σabsAE
range from 0.79 to 1.11 for all aethalometer correction
methods (Figs. S9–S12), it is important to remember that Cf
essentially forces σabsAE to agree with σabsTAP and thus these

Table 1. Aethalometer Cf for all data points, BB periods, and nonBB periods at 470, 520, and 660 nm. The values were
calculated as the mean Cf for the designated time periods when σabs > MDL.
Data selection

n

All data
BB periods
NonBB periods

4844
544
4134

470 nm
4.35 ± 2.04
3.60 ± 0.81
4.50 ± 2.11

Correction factor (Cf)
520 nm
4.45 ± 1.78
4.04 ± 0.79
4.55 ± 1.87

660 nm
4.24 ± 1.86
4.31 ± 0.77
4.28 ± 1.95

Fig. 3. Scatter plot of AAE (470–600 nm) and the SAE (550–650 nm pair) colored by aethalometer correction factors (Cf)
for 520 nm and the aerosol classification index suggested by Cappa et al. (2016).
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slopes cannot be taken as an indicator of which correction
method is best. Using all 5-min averages, the reduced major
axis (RMA) regression fit between σatnAE and σabsTAP was
similar for all aethalometer correction methods (R2 ranged
from 0.957 to 0.984; Figs. S9–S12).
The ratio σabsAE-corrected/σabsTAP was compared to AAE and
exhibited a general decreasing trend with increasing AAE
values at 470 and 520 nm for all filter-loading and scattering
corrected σabsAE (Fig. 4). At 660 nm the σabsAE-corrected/σabsTAP
exhibited no trend with AAE. This indicates that either the
AE33 underestimates (or the TAP overestimates) BrC
absorption, which preferentially absorbs at shorter
wavelengths. It has been shown that the PSAP can overestimate
absorption at low wavelengths due to the beading of liquidlike BB organic aerosol onto filter fibers (Subramanian et
al., 2007; Cappa et al., 2008; Lack et al., 2008; Lack et al.,
2012). It is possible this mechanism and subsequent absorption
enhancement at lower wavelengths varies depending on the
filter materials (TAP used quartz filter; AE33 used Tefloncoated glass fiber filters) or different flow rates (TAP—
1 LPM; AE33—2.5 LPM). Different flow rates and, therefore,
filter face velocity influence absorption measurements by

changing the particle penetration depth into the filter
(Moteki et al., 2010; Nakayama et al., 2010).
A dramatic increase in σabsAE-corrected/σabsTAP is observed
with an increase in SSA (Fig. 5). This increase is seen at all
wavelengths and all AE33 correction methods but is least
exaggerated when the Arnott and Schmid scattering corrections
(with Arnott parameter values) are employed. Müller et al.
(2014) showed that σabs measured with a PSAP and corrected
with V2010 were 1.1 to 1.3 times higher than reference σabs
for SSA > 0.9. Given this, the high σabsAE-corrected/σabsTAP
values are most likely due to the AE33 σabs not accurately
correcting for highly scattering aerosol.
Comparison of SSAs
The SSA values (520 nm) throughout the campaign were
very high with 95% of SSA values between 0.90 and 0.98.
These values are similar to previous measurements at 532–
550 nm of aged BB plumes (0.94 to 0.98 during BORTASB (Taylor et al., 2014); 0.91 to 0.97 at MBO (Briggs et al.,
2016); 0.967 ± 0.022 during ARCPAC (Brock et al., 2011)).
As the SSA is dominated by scattering, the agreement of the
derived SSAs for the different TAP and AE33 correction

Fig. 4. σabsAE/σabsTAP at 470, 520, and 660 nm as a function of TAP AAE calculated for the 470–660 nm wavelength pair for
Drinovec, Virkkula, Weingartner, Coen, Arnott, Arnott-b, Schmid, and Schmid-b correction methods. The TAP AAE values
were calculated using the V2010 corrected σabsTAP.

Fig. 5. σabsAE/σabsTAP at 470, 520, and 660 nm as a function of SSA for Drinovec, Virkkula, Weingartner, Coen, Arnott,
Arnott-b, Schmid, and Schmid-b correction methods. The SSA values were calculated using V2010 corrected σabsTAP at
520 nm.
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methods is not surprising as light absorption is relatively
modest. The campaign median SSA values for all TAP and
AE33 correction methods ranged from 0.942 to 0.955
(Table S2).
Comparison of AAEs
Eq. (3) was used to calculate AAE values for the 470 nm
and 660 nm wavelength pair (Table 2). Mean AAE values
were calculated for all data, BB periods, and nonBB periods
with the constraint that the AAE was calculated only when
σabs was greater than the MDL. Lack and Langridge (2013)
determined that AAEBC is 1.1 ± 0.3 based on various field
measurements of fossil fuel burning and urban pollution,
e.g., nonBB. The mean nonBB AAE value for TAP V2010
(AAETAP-V2010: 1.31) is within this range, whereas the TAP
O2010-derived value is much lower (AAETAP-O2010: 0.62). The
AE33 Weingartner and Collaud Coen nonBB AAEAE33 values
(1.14 and 1.13, respectively) are very close to 1.1. In contrast,
the nonBB AAEAE33 for the Virkkula (1.74) and Drinovec
(1.52) are much larger than 1.1. Histograms of the AAE
values calculated for the AE33 and TAP for nonBB periods
and BB periods are shown in Figs. 6 and 7, respectively.
The AAE values for V2010 corrected σabs are systematically
higher than O2010 corrected σabs. The mean AAETAP-V2010
for all data, BB periods, and nonBB periods are all larger than
AAETAP-O2010 by ~0.7. A regression between AAETAP-V2010
and AAETAP-O2010 shows a slope of 0.94 with an intercept of
0.76 (R2 = 0.96). Backman et al. (2014) reported a similar
observation, reporting that their derived AAETAP-V2010 were
higher than AAETAP-O2010 by 0.57 on average for measurements
on the South African Highveld, where the dominant emission
source is fossil fuel burning. Backman et al. (2014) further
showed that derived AAEs exhibited a pronounced dependence
on the scattering wavelength of σscat (i.e., SAE). Particle size
is an important driver of the scattering wavelength dependence.
They found that larger SAE values increase the difference
between AAETAP-V2010 and AAETAP-O2010, thereby hinting at
a wavelength-dependent influence of the scattering correction
portion of V2010 and O2010, respectively. During our
campaign the majority of the SAE values were between 2.25
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and 3, and the campaign median was 2.65. This steady SAE
value translates to constant scattering corrections, which
then helps explain the near constant absolute difference we
observe between AAETAP-V2010 and AAETAP-O2010. Davies et
al. (2019) also found V2010 AAEs to be higher than O2010
AAEs, but the difference was dependent on aerosol type.
They found for V2010 AAEs to be higher than O2010 AAEs
for urban emissions and aged BB by values of 0.38 and 0.33,
respectively, but for fresh BB V2010 AAEs were higher
than O2010 AAEs by a value of 0.77.
AAE values are commonly used to apportion absorption
between BC and BrC by assuming BC has an AAE typically
between 0.9 and 1.1 and that at higher wavelengths the
absorption contribution by BrC becomes more dominate
(Clarke et al., 2007; Gyawali et al., 2009; Yang et al., 2009;
Liu et al., 2015). These assumptions are explicitly written in
Eqs. (7) and (8):

  

 600 

 absBC      abs  660   

σabsBrC (λ) = σabs (λ) – σabsBC (λ)

 AAEBC

(7)
(8)

Despite the large uncertainties associated with this approach
(Lack and Langridge, 2013), multiple studies have found
that it compares well with other methods of apportioning
BC and BrC absorption (Sandradewi et al., 2008; Favez et
al., 2010; Gianini et al., 2013; Briggs and Long, 2016). One
of the largest uncertainties is the choice of value to use for
AAEBC. As previously mentioned, Lack and Langridge (2013)
determined that ambient AAEBC to range from 0.8 to 1.4. In
addition to the range of real AAEBC, we have shown that
AAE of ambient BC is operationally defined and correction
specific. We used Eqs. (7) and (8) to estimate the percentage
of absorption by BC (σabsBC/σabs) and BrC (σabsBrC/σabs) of
BB periods at 470 nm for all correction schemes in Table 2.
We assume only absorption by BC at 660 nm and calculate

Table 2. Mean AAE values for TAP and AE33 correction methods. Data used to calculate AAE was filtered to include only
σabs > MDL.
BrC absorption %
BrC absorption %
at 470 nm assuming
at 470 nm assuming
All data
BB data
NonBB data AAEBC = 1
AAEBC = AEnonBB
TAP
V2010
1.79 ± 0.70 2.47 ± 0.29 1.31 ± 0.47
60.7
67.4
TAP
O2010
1.09 ± 0.75 1.76 ± 0.30 0.62 ± 0.61
77.4
68.0
AE33
Drinovec
1.87 ± 0.56 2.35 ± 0.30 1.52 ± 0.42
63.2
75.5
AE33
Virkkula
1.97 ± 0.45 2.27 ± 0.24 1.74 ± 0.41
64.9
83.4
AE33
Weingartner
1.43 ± 0.55 1.85 ± 0.29 1.14 ± 0.49
74.8
78.3
AE33
Collaud Coen 1.43 ± 0.56 1.86 ± 0.29 1.13 ± 0.49
74.8
78.1
AE33
Arnott*
1.93 ± 0.76 2.57 ± 0.51 1.47 ± 0.55
58.6
68.9
AE33
Arnott-b**
1.88 ± 0.60 2.41 ± 0.32 1.51 ± 0.44
61.9
73.5
AE33
Schmid*
1.82 ± 0.57 2.32 ± 0.30 1.47 ± 0.44
63.9
75.0
AE33
Schmid-b**
1.83 ± 0.56 2.31 ± 0.30 1.49 ± 0.43
64.0
75.5
* Arnott and Schmid: Drinovec filter-loading correction and scattering corrections using Arnott parameter values.
Instrument

Correction
scheme

AAE 470–660 nm
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** Arnott-b and Schmid-b: Drinovec filter-loading correction and scattering corrections using Collaud-Coen parameter
values.

Fig. 6. Histograms of AAE calculated for nonBB periods for (1) σabsTAP, (2) σabsAE with different filter-loading corrections,
(3) σabsAE with different scattering corrections, and (4) select TAP and AE33 AAE values. Only samples that had AE33 and
TAP data were used, and the data was filtered for σabs > MDL.
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Fig. 7. Histograms of AAE calculated for BB periods for (1) σabsTAP, (2) σabsAE with different filter-loading corrections,
(3) σabsAE with different scattering corrections, and (4) select TAP and AE33 AAE values. Only samples that had AE33 and
TAP data were used, and the data was filtered for σabs > MDL.
total absorption at 470 (σabs) using AAE during BB periods.
values calculated are total light absorption per unit mass BC,
We then calculated σabsBC and σabsBrC by (1) assuming a fixed meaning they represent absorption by BrC and enhanced
constant AAEBC and (2) setting AAEBC equal to the nonBB absorption by lensing in addition to BC absorption.
period AAE value for that instrument and correction scheme
MAC values for TAP wavelengths for BB periods and
(Table 2). Using the second method provided a good agreement nonBB periods are shown in Table 3. The MAC values for
between the correction methods, particularly when comparing AE33 wavelengths for BB periods and nonBB periods are
the TAP correction methods. When assuming an AAEBC = 1, shown in Tables S3 and S4. The scatter plots of BB and
the difference in BrC absorption at 470 nm for V2010 and nonBB σabsTAP-V2010 versus rBC are presented in Fig. 8. The
O2010 is 17%, whereas when AAEBC equals the nonBB AE33 σabs used in the MAC calculations are corrected with
AAE value the difference is 0.6%.
a Cf of 4.35. The MAC values for nonBB periods (10.1–
This analysis shows that AAE values for the same aerosol 10.7 m2 g–1 at 520 nm) are higher than the MAC value for
are different depending on the instrument and also the
fresh uncoated BC suggested by Bond and Bergstrom (2006)
correction method used. This leads to a ~25% uncertainty in
(7.5 m2 g–1 at 550 nm; 4.7 m2 g–1 at 880 nm). This could be
estimated BrC absorption values when using the AAE to
due to the enhancement of absorption due to lensing effects
determine BrC absorption.
or the additional absorption contributed by organic aerosol.
Compared to measurements of ambient background air and
Comparison of MACs
BB-influenced air, the MAC values from this study compare
We calculated MACs for the TAP and AE33 as the slope
well with the MAC values from previous studies. A study
of an RMA regression between σabs and rBC. The MAC
of 9 regional background sites in Europe using filter-based
Table 3. MAC values for TAP correction methods for BB periods and nonBB periods. The MAC values for BB periods are
the slope of an RMA regression of 5-min averaged data. The MAC values for nonBB periods are the slope of an RMA
regression of 1-hr averaged data.
TAP MACs (m2 g–1)
Aerosol type
Correction method
470 nm
520 nm
660 nm

V2010
24.1
15.9
9.24

BB aerosol
O2010
22.7
16.8
11.19

V2010
12.9
10.1
7.68

NonBB aerosol
O2010
12.3
10.7
9.00
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Fig. 8. Scatter plots for BB and nonBB periods for σabsTAP-V2010 and rBC. The RMA regression slope is the MAC value.
absorption and thermal-optical elemental carbon (EC)
which uses a MAC of 7.77 m2 g–1 and the manufacturer’s
measurements found a MAC of 10 ± 1.33 at 637 nm to be
default Cref value of 1.57 to convert from absorption to eBC.
representative of mixed boundary layer (Zanatta et al., 2016). We compared rBC to eBC using 5-min averaged data for the
McNaughton et al. (2011) found free troposphere air in the
BB periods and using 1-hr averaged data for nonBB periods
Arctic with some BB aerosol to have MACs of 15.4 ±
(Fig. 9). The eBC concentrations are ~2.1 times larger than
0.4 m2 g–1 at 470 nm, 10.9 ± 0.3 at 530 nm, and 7.4 ± 0.2 at
rBC for both BB and nonBB. This overestimation of eBC by
660 nm using a PSAP and SP2. Background continental
aethalometers in comparison with other BC methods has
aerosol and BB plumes measured during the 2006 Texas Air been observed for various emission types. Yelverton et al.
Quality Study were found to have MACs (530 nm) of 9.3 ±
(2014) found aethalometers (AE22, AE42, and AE51) to
2.0 and 13.3 ± 3.0 m2 g–1, respectively, using a PSAP and
overestimate BC from flame-generated soot by 1.75–2 times
SP2 (Schwarz et al., 2008a).
compared to MAAP, SP2, and various thermal-optical EC
There are a limited number of studies that have looked at
methods. eBC concentrations using the AE33 were consistently
MAC values of BB aerosol. Mason et al. (2018) determined
1.7 times higher than thermal-optical EC for multiple urban
unexpectedly large MAC values from BB and agricultural
sites in Ontario (Healy et al., 2017). Holder et al. (2016)
plumes during the SEAC4RS campaign in 2013. They
measured field and laboratory BB emissions and found eBC
determined MACs using σabs from a PAS, PSAP, and CLAP,
(AE51) to be 2 to 2.57 times higher than rBC.
and rBC with an SP2 at 532 nm of 21 to 26.5 m2 g–1, and
It should be noted that using the correction factor (Cf =
MACs at 660 nm of 12.3 to 19.2 m2 g–1. These MAC values 4.35) to correct eBC results in an overcorrection with rBC
are significantly higher than the MAC values in this study
now being ~20% greater than eBC. To properly align rBC
and point toward the need for further investigation of MAC
and eBC, while using a MAC of 7.77 m2 g–1 at 880 nm, a
for BB aerosol. The high MAC values likely reflect the
correction factor of 3.31 is more appropriate.
presence of light absorption by BrC.
CONCLUSIONS
Inter-comparison of BC Measurements (SP2 rBC and
We evaluated two filter-based absorption instruments, the
AE33 eBC)
While it should be noted that using a constant MAC value AE33 and TAP, at the Mt. Bachelor Observatory (MBO,
and conversion factor to determine eBC values from filter- 43.98°N, 121.69°W, 2763 m a.s.l.) in central Oregon during
based absorption measurements is inherently fraught with
the summer of 2016. MBO saw clean regional background
high uncertainty, the aethalometer is marketed as an instrument air for most of the campaign apart from three days of
that measures BC concentrations. Because of this we
regional BB plumes. The results and recommendations from
compared the AE33 eBC to rBC measured by the SP2. We
the campaign are as follows:
used the eBC concentrations output by the AE33 at 880 nm,
●
The AE33’s default Cref value of 1.57 is too low. We

Laing et al., Aerosol and Air Quality Research, 20: 663–678, 2020

●

determined a wavelength-independent correction factor
(Cf) of 4.35 to use in place of a Cref when calculating σabs.
MAC values calculated using rBC derived from the SP2
and total aerosol absorption from the TAP were 24.1,
15.9, and 9.24 m2 g–1 for BB aerosol at 470, 520, and
660 nm, respectively, and 12.9, 10.1, and 7.68 m2 g–1 for
nonBB aerosol at 470, 520, and 660 nm, respectively.

●

●

675

AAE values exhibited a sensitivity to correction methods
and were found to vary by up to 32% for BB periods
and up to 65% for nonBB periods.
AE33 eBC was ~2 times higher than rBC when using
the AE33 manufacturer’s settings. We recommended
using a Cf of 3.31 when calculating eBC instead of the
manufacturer’s Cref of 1.57.

Fig. 9. SP2 rBC versus AE33 eBC for BB periods and nonBB periods. AE33 eBC values were Drinovec corrected and used
the manufacturer’s recommended Cref of 1.57. The BB periods used 5-min averages, and the nonBB periods used 1-hr
averages. The solid line is 1:1.
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