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Biogeochemistry and Climatology BEST, North-Eastern Federal University, Yakutsk, Russia

ABSTRACT
Ground-based observations of black carbon (BC) aerosols were conducted in spring 2017 in
Yokosuka City, south of Tokyo, Japan. Equivalent BC (EBC) mass concentrations were meas-
ured using a miniaturized, palm-sized filter-photometer (MicroAeth AE51, EBCAE51) and eval-
uated against those obtained using a continuous soot monitoring system (COSMOS,
EBCCOSMOS) and a single-particle soot photometer (SP2, refractory BC, rBCSP2). We propose
methods to account for the following key factors affecting AE51 measurements: (1) the non-
linearity of light attenuation (ATN) measurements associated with high-particle loading on
the filter (i.e., the loading effect); and (2) the positive artifacts in ATN measurements created
by non-refractory materials (nonBC) on the filter. To examine these effects, we employed a
custom automated system that switches the two sampling lines for the AE51, one of which
was heated to 300 �C to minimize the sampling of nonBC. Alternate operation of the heated
and unheated modes (for 15min) enabled the separation of the described effects.
Consistent with previous studies, in the heated mode, sensitivity decreased linearly with
increases in ATN (�0.44% per ATN) in comparison with the other aethalometers. When the
loading effect was corrected for, the EBCAE51 in the unheated mode still showed some bias
relative to EBCCOSMOS and rBCSP2. This bias correlated with—and was successfully corrected
for using—the mass ratio of nonBC to BC derived from the SP2. This approach can also be
applied to fine-mode aerosol (PM2.5) concentrations measured at environmental monitoring
networks, thus eliminating the need for additional SP2 data in the data correction.

ARTICLE HISTORY
Received 28 October 2019
Accepted 28 January 2020

EDITOR
Hans Moosm€uller

Introduction

Soot or black carbon (BC) aerosol particles are formed
during the incomplete combustion of fossil fuels and
biomass burning and are known as important short-
lived climate pollutants (SLCPs). They exert positive
radiative forcing by absorbing visible light in the
atmosphere (Bond and Bergstrom 2006; Bond et al.
2013; Kondo 2015; Ramanathan and Carmichael 2008;
Ramanathan et al. 2007). Deposited BC reduces the
Earth’s surface albedo and accelerates snow and ice
melting processes (IPCC 2013; Flanner and Zender
2006). The adverse effects of BC aerosols on human
health have also been investigated (Croft et al. 2017;
Li et al. 2016; Louwies et al. 2015).

Atmospheric BC mass concentrations have been
observed using filter-based light absorption measure-
ments (i.e., filter photometer), which is one of the most
widely used techniques for characterizing BC aerosols.
BC derived from light absorption techniques are
referred to as equivalent black carbon (EBC) (Petzold
et al. 2013) as the mass absorption cross-section (MAC)
is assumed. Additionally, there are uncertainties related
to the particle loading sensitivity relationship, the lin-
earity of light absorption measurements, loading effects
(e.g., Virkkula et al. 2007), multiple scattering in the fil-
ter media (e.g., Arnott et al. 2005), and the positive arti-
facts of light-scattering aerosol particles present on the
filter together with BC (e.g., Zanatta et al. 2016).
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To evaluate these uncertainties, laboratory experi-
ments using the light absorption measurement of BC
aerosols have been conducted (e.g., Bond, Anderson,
and Campbell 1999). The pretreatment of sample air,
being heated to 300–400 �C, is considered one of the
ways to efficiently minimize the impact of light-scatter-
ing aerosol particles on the light absorptionmeasurements
(Kondo et al. 2011). In recent years, themass of BC per sin-
gle BC-containing particle has been quantified using laser-
induced incandescence (LII) techniques, which measures
the thermal radiation from a particle induced by laser
beam absorption (Moteki and Kondo 2007, 2010; Schwarz
et al. 2006; Stephens, Turner, and Sandberg 2003). Due to
its high detection sensitivity, the LII method is considered
one of the most reliable analytical techniques available for
quantifying BC aerosols. An increasing variety of instru-
ments and techniques has also increased the requirement
for suitable evaluation to obtain accurate and consistent
concentration datasets to better understand the emission,
transport, and removal of BC aerosols (Kanaya et al. 2013,
2016; Kondo et al. 2009, 2011;Miyakawa et al. 2017).

Some low-cost and/or light-weight instruments have
been developed for measuring BC (Caubel, Cados, and
Kirchstetter 2018; Cheng and Lin 2013). For example, a
miniaturized, palm-sized aethalometer (MicroAeth AE51,
Aethlabs, US), which is a type of filter-photometer, was
recently developed and successfully deployed. This equip-
ment has applications in surveying the fine-scale spatial
distribution of BC through multi-point or mobile obser-
vations in the vicinity of emission sources, and in investi-
gating BC vertical profiles using unmanned aerial
vehicles (UAVs) and balloons (Ferrero et al. 2011, 2014,
2016). Viana et al. (2015) evaluated the instrumental
errors of the AE51 based on six-unit simultaneous opera-
tions with a stationary instrument. Cheng and Lin (2013)
evaluated the particle loading effect on the performance
of the AE51 using a different aethalometer, possibly
affected by light-scattering particles for a limited length
of the time. These evaluations remain limited, however,
especially with respect to light-scattering particles.

In this study, we compared BC mass concentrations
measured using the AE51 with those measured using
independent and more accurate instruments, namely a
continuous soot monitoring system (COSMOS,
Kanomax, Inc., JP) and a single particle soot photom-
eter (SP2, Droplet Measurement Technologies, Inc.,
US). The uncertainties associated with the AE51 are
discussed using datasets obtained from a systematic
intercomparison experiment run for almost one
month. Based on these data, we propose ways to cor-
rect for the particle loading effect and the positive
biases resulting from light-scattering aerosol particles.

Materials and methods

Atmospheric observations were conducted between 12
May 2017 and 2 June 2017 in an industrial area of
Yokosuka, approximately 30 km south of Tokyo
(35.32�N, 139.65�E, 10m above sea level, Figure S1 in the
online supplementary information [SI]). BC-containing
aerosol particles in this area are mainly emitted from both
stationary and mobile anthropogenic sources (Kanaya
et al. 2014; Miyakawa et al. 2016). Ambient air was drawn
into the instruments through a diffusion dryer (3062, TSI
Inc., USA) to dry the sample air, and was then introduced
into the three instruments as shown in Figure 1. As all of
the instruments were located behind the diffusion dryer,
the possible loss of aerosol particles during the drying pro-
cess (estimated at approximately 9% loss for the
0.02–0.4mm particle diameter range, Miyakawa et al.
2016) affected each piece of equipment equally.

Single particle soot photometer (SP2)

Masses of BC per single BC-containing particles were
quantified using a single particle soot photometer
(SP2, Droplet Measurement Technologies ltd., USA).
The BC aerosols measured using the SP2 are referred
to as refractory black carbon (rBCSP2) in this study
(Petzold et al. 2013). The wavelength of the laser

Heater

AE51

COSMOS

SP2

Diffusion dryer

0.2 lpm

0.1 lpm

~0.8 lpm

300ºC

Ambient
Air

Three-way
valve

Figure 1. Flow diagram of the experimental setup.
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beam in the SP2 is 1064 nm. This device was used to
measure BC with particle diameters ranging from 0.08 to
0.5 mm. The BC mass concentrations of the unmeasured
fraction were estimated by fitting a log-normal function
to the mass size distribution and via extrapolation
(Miyakawa et al. 2016). In this study, the estimated
unmeasured fraction was 11% on average. BC-free (i.e.,
light-scattering) particles for the size range 0.15–1 mm
were also analyzed using the SP2. Note that we did not
perform a correction of BC-free mass concentrations by
the extrapolation method, because the shape of the mass
size distribution of BC-free particles generally differs
from that of BC particles. The device was calibrated
using fullerene soot (FS, stock 40971, lot L20W054, Alfa
Aesar, USA) particles that were size-selected using a dif-
ferential mobility analyzer (DMA, model 3081, TSI, Inc.,
USA) (see Miyakawa et al. 2016 for details). The accur-
acy and precision of the calibration were evaluated to be
4% and 10%, respectively (Miyakawa et al. 2016; unpub-
lished data). It was found that most of the BC-containing
particles were bare or thinly coated with nonBC materi-
als at the observation site (Miyakawa et al. 2017). The
mixing state of BC-containing particles was also ana-
lyzed, and it was found that most of the BC-containing
particles (for the size range 0.15–0.35 mm) were exter-
nally mixed with nonBC materials (see Section S2 in SI).
Here, we assumed that BC-free (light-scattering) aero-
sols derived from the SP2 observation represented the
main part of the nonBC component. The mass concen-
trations of nonBCmaterials are defined as nonBCSP2 and
were estimated using the number size distributions of

BC-free aerosols assuming a spherical shape and a dens-
ity of 1800 kg m�3.

Continuous soot monitoring system (COSMOS)

We employed a continuous soot monitoring system,
COSMOS (3130, S/N 674245, Kanomax, co., JP) to
measure BC mass concentrations. For this, a high-effi-
ciency particulate air (HEPA) filter (L-371M) (Irwin,
Kondo, and Moteki 2015) was used for the sample
collection. Light attenuation at a wavelength of
565 nm was measured both for the samples and refer-
ence filters. The flow rate and time resolution of the
COSMOS used in this study were approximately 0.8 l
per min (lpm) and 1min, respectively. The temperature
of the heater inlet in front of the COSMOS was main-
tained at 300±3 �C to volatilize nonBC components
(Irwin et al. 2013; Kondo et al. 2011). The BC mass
concentrations measured by the COSMOS are referred
to as EBCCOSMOS. The uncertainty is 10% (Ohata et al.
2019). The COSMOS was calibrated by the manufac-
turer (Kanomax) before installation. Figure 2 depicts the
correlation between EBCCOSMOS and rBCSP2 with a time
resolution of 1min and for the 15-min average.
EBCCOSMOS strongly correlated with rBCSP2, being gen-
erally consistent with previous studies conducted in
both urban and remote areas (Kondo et al. 2011;
Miyakawa et al. 2017; Ohata et al. 2019). Therefore, we
assumed that the EBCCOSMOS measurements were
approximately equivalent to rBCSP2.

Figure 2. Correlation between EBCCOSMOS and rBCSP2 for 1-min (shaded circles) and 15-min average (black circles) datasets. The fit-
ted lines are also shown as bold lines in the corresponding color.
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MicroAeth AE51

The MicroAeth AE51 (Aethlabs, USA) is a miniaturized,
palm-sized aethalometer (Cheng and Lin 2013; Hagler
et al. 2011) that measures light attenuation (ATN)
induced by the accumulation of BC on a filter at a near-
infrared wavelength of 880nm. In this study, we ignored
the possible interference of light-absorbing organic car-
bon (brown carbon, BrC), because BrC has a weak light
absorption at the wavelength of 880nm (e.g.,
Kirchstetter, Novakov, and Hobbs 2004). A glass-fiber
(T60 borosilicate) filter coated by Tetrafluoroethylene
(TFE), which is also used by other aethalometer models
(e.g., AE33; Drinovec et al. 2015), is used for sample col-
lection in the AE51. The AE51 was calibrated by the
manufacturer (Aethlabs) before installation. The BC

mass concentration measured by the AE51 is hereafter
referred to as EBCmeas

AE51, which can be derived using the
following equation (Hansen, Rosen, and Novakov 1984):

EBCmeas
AE51 ¼

A
Qr

� DATN
Dt

, (1)

where A is the spot area for the sample collection; Q
is the sampling flowrate; r is the MAC (12.5m2 g�1,
Cheng and Lin 2013); Dt is the temporal resolution;
and DATN is the change in ATN in Dt. Here, ATN
was calculated as follows:

ATN ¼ �100 � ln I
I0

� �
, (2)

where I and I0 are the signal intensity for the sample
spot and a reference blank spot, respectively (Cheng

Figure 3. (a) Temporal variation of 15-min averaged EBCmeas
AE51 for heated (EBCmeas

AE51, htd, red line in lower panel) and unheated
modes (EBCmeas

AE51, unhtd, blue line in lower panel), rBCSP2 (black line and black filled area in lower and upper panels, respectively),
and nonBCSP2 (shaded filled area in upper panel, cumulated to rBCSP2) for the entire observation period; (b) as for 3(a) for
EBCmeas

AE51, htd, EBC
meas
AE51, unhtd, and rBCSP2 using the same coloring for the period from00:00 14 May to 10:00 15 May, 2017.
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and Lin 2013). The AE51 was operated with a Q of
0.2 lpm, a Dt of 1min, and A was 7.1mm2. Note that,
while it should be considered, particle loading correc-
tion (Virkkula et al. 2007; Weingartner et al. 2003) is

not typically included during data processing (Cheng
and Lin 2013). Therefore, we evaluated this effect
using ATN (hereafter referred to as ATNAE51) based
on intercomparison experiments. It should also be
noted that the typical values of I at the start of sam-
pling (t0) are 15–20% higher than those of I0 at t0,
which results in ATNAE51 at t0 being reported as nega-
tive values (see Figs. 3 and 5 in Cheng and Lin [2013]
and Fig. 1 in Hagler et al. [2011]). When BC aerosols
are collected on the filter, I will decrease and then
ATNAE51 will increase. In this study, the AE51 was
continuously operated to evaluate the practical limit

Table 1. Proportion of negative values and LOD of the data-
sets with a 1-min (raw) resolution and averaging for 2-, 5-,
and 15-min durations.
Resolution Proportion of negatives, % LOD, mg m�3

Raw 9.1 0.216
2-min average 3.8 0.130
5-min average 1.0 0.093
15-min average 0 0.073

Figure 4. (a) Relationship between EBCmeas
AE51 (Y-axis) and rBCSP2 (X-axis) for the heated (red circles) and unheated (blue circles)

modes; (b) as in (a) but for the X-axis (EBCCOSMOS). The fitted lines are also shown in light red for the heated mode and light blue
for the unheated mode.
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of ATNAE51 levels by exchanging the filters only once
or twice per week. The limit of detection (LOD) of
the AE51 was evaluated by placing a HEPA filter in
front of the instrument to sample particle-free air.
The LOD was calculated as the sum of the mean (�0)
and three standard deviations (3r) of EBCmeas

AE51: The
LOD and the proportion of negative values of
EBCmeas

AE51 for different time resolutions are presented in
Table 1. For a more precise evaluation of the AE51,
we analyzed 15-min averaged EBCAE51 for the inter-
comparison of AE51 with COSMOS and SP2.

The sampling flowline to the AE51 is comprised of
two parts—a heated line with a temperature of
300 ± 2 �C and an unheated line at approximately
room temperature (Miyakawa et al. 2016). A three-
way electric valve (MS-141DCX, Swagelok, Inc., USA)
automatically switched the flowlines every 15min. The
heated line was composed of a stainless-steel tube
(length¼ 300mm; outer diameter¼ 9.5mm; inner
diameter¼ 7mm) and an electric jacket heater (P23,
Tokyo Technological Laboratory Co. Ltd., JP) regu-
lated by a temperature controller (TC-3000, AS ONE
Corporation, JP). Note that the aerosol particles
including nonBC sampled during the unheated mode
can affect the ATNAE51 measurements during the pro-
ceeding heated mode. To evaluate the impact of such
survived nonBC on the filter during the heated mode,
we conducted an additional experiment in which the
AE51 was continuously operated (under the heated
mode) and compared with the COSMOS (see Section S3
in SI). Data points for the first and last minutes of the
heated and unheated modes were removed to eliminate
invalid data associated with the change in modes.
EBCCOSMOS and rBCSP2 data were also divided into
heated and unheated mode categories. In all cases, BC
mass concentrations are reported at standard tempera-
ture and pressure conditions (STP; 0 �C and 1 atm).

Results and discussion

Comparison of BC mass concentrations measured
using AE51, SP2, and COSMOS

Figure 3a depicts the temporal variation of rBCSP2,
nonBCSP2, and EBCmeas

AE51: Based on the SP2 measure-
ments, the average mass ratios of BC to nonBC were
as low as 0.07 at the observation site during the study
period. The temporal variation of EBCmeas

AE51 was similar
to that of rBCSP2 for both modes (Figure 3a). EBCmeas

AE51

in the heated mode (hereafter EBCmeas
AE51, htd) broadly

agreed with rBCSP2. However, EBCmeas
AE51 in the

unheated mode (hereafter EBCmeas
AE51, unhtd) had higher

values than rBCSP2 in some cases (e.g., Figure 3b).
Figure 4 shows the correlations between EBCmeas

AE51 and
rBCSP2 and EBCCOSMOS. The linear regression slopes
between EBCmeas

AE51 and rBCSP2 (Figure 4a) were
0.99±0.03 (r2¼ 0.89) in the heated mode and
1.10±0.04 (r2¼ 0.80) in the unheated mode.
Correlations between EBCmeas

AE51 and EBCCOSMOS (Figure
4b) were 0.99±0.03 (r2¼ 0.87) in the heated mode and
1.34±0.03 (r2¼ 0.90) in the unheated mode. Heating
the sample air for the AE51 generally yielded a stronger
agreement between EBCmeas

AE51 and rBCSP2 and
EBCCOSMOS, as well as improved precision in the SP2
measurements (i.e., higher r2 values).

The diurnal averages for EBCmeas
AE51/EBCCOSMOS and

EBCmeas
AE51/rBCSP2 are shown in Figure 5 for both oper-

ation modes. Values in the heated mode showed stable
ratios from 1.06 to 1.25 and from 1.01 to 1.22, respect-
ively, throughout the day. However, these varied from
�1.2 to �1.9 in the unheated mode. Averaged
EBCmeas

AE51/rBCSP2 and EBCmeas
AE51/EBCCOSMOS ratios were

1.15 and 1.14, and 1.55 and 1.54, in the heated and
unheated modes, respectively. The diurnal variation of
nonBCSP2/rBCSP2, which can be regarded as an indica-
tor of the impact of the light-scattering materials, is

Figure 5. Diurnal variations in EBCmeas
AE51 /EBCCOSMOS (light-colored lines) and EBCmeas

AE51/rBCSP2 (primary-colored lines) for the heated
(red lines) and unheated (blue lines) modes, and nonBCSP2/rBCSP2 (black circles, right axis).
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also shown in Figure 5. We found that nonBCSP2/
rBCSP2 showed a similar diurnal variation to
EBCmeas

AE51, unhtd/EBCCOSMOS and EBCmeas
AE51, unhtd/rBCSP2. A

large bias of the AE51 with respect to EBC mass con-
centrations in the unheated mode relative to the other
instruments was detected in the early morning and at
night, producing enhanced values of nonBC materials
relative to BC. This was likely caused by the diurnal
variations in the mass concentrations of nonBC and
BC (Figure S4). This indicates that nonBC that had

become loaded onto the filter affected the measurement
of BC mass concentrations using AE51.

Factors controlling the biases of EBCAE51meas to
EBCCOSMOS and rBCSP2

We further analyzed the datasets by performing linear
regression analysis of the correlations at different lev-
els of ATNAE51 and for the different operation modes.
For this, the datasets were divided into 15 ATNAE51

Figure 6. (a) Coefficients of determination (r2) and (b) linear regression slopes for the correlations between EBCmeas
AE51 and

EBCCOSMOS (light-colored lines) and between EBCmeas
AE51 and rBCSP2 (primary-colored lines) for the heated (red lines) and unheated

(blue lines) modes as a function of ATNAE51; (c) as for (b) but with correction using Equations (5) and (6). The averaged nonBCSP2/
rBC SP2 ratios binned by ATNAE51 are also shown in (c) as solid lines and closed circles (right axis).
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levels ranging from �20 to 130. Here, the values of r2

are used as an indicator of the criterion of ATNAE51 val-
ues to exchange the filter for the AE51 measurement
(Figure 6a). Corresponding linear regression slopes were
considered to reflect the sensitivity of the AE51 (relative
to SP2 and COSMOS) and were analyzed along with
ATNAE51 to assess the effect of particle loading (Figure
6b). It is evident from Figure 6a that the values of r2

significantly decreased when ATNAE51 exceeded 70.
Thus, we used AE51 data with an ATNAE51 of less than
60 to ensure better precision of the measurements.

Linear regression slopes in the heated mode linearly
decreased with an increase in ATNAE51 (Figure 6b). In
other words, the sensitivity of the AE51 decreased
with increasing particle loading. This feature has also
been implied in previous studies (Drinovec et al.
2015; Virkkula et al. 2007; Weingartner et al. 2003).
The linear regression slopes in the unheated mode
had larger variability than those of the heated mode.
This is because the biases related to the impacts of
nonBC are dependent on atmospheric meteorological
conditions (e.g., relative humidity). The slope of the
correlation between EBCmeas

AE51, htd and rBCSP2, as a func-
tion of ATNAE51 (fload), was found to be:

f htdload ¼ 1:16 � 1� 0:0044�ATNAE51ð Þ: (3)

When we assumed that most of the BC-free particles
completely evaporated inside the heater, Equation (3)
represents the effect of particle loading by pure BC par-
ticles. EBCmeas

AE51, htd can be corrected for as follows:

EBCcorr1
AE51, htd ¼ EBCmeas

AE51, htd=f
htd
load: (4)

Possible effects of multiple scattering in the filter
media and uncertainties regarding the MAC (12.5m2

g�1 at 880 nm for the AE51) as used to derive mass
concentrations cannot be completely separated from
the loading effect as evaluated here.

EBCmeas
AE51, unhtd can be corrected for in the same way

under the assumption that the correction factor f htdload
can be applied for EBCmeas

AE51, unhtd, thus:

EBC0corr1
AE51, unhtd ¼ EBCmeas

AE51, unhtd=f
htd
load: (5)

Figure 6c shows the recalculated slopes of the fitted
linear functions for the correlations between corrected
EBCmeas

AE51 (EBC
corr1
AE51, htd and EBC0corr1

AE51, unhtd) and the other
measurements (EBCCOSMOS and rBCSP2) as a function
of ATNAE51. EBCcorr1

AE51, htd was similar to EBCCOSMOS

and rBCSP2 (i.e., their ratios are close to unity),
whereas EBC0corr1

AE51, unhtd still contained biases. The
nonBCSP2/rBCSP2 mass ratio is also shown as a func-
tion of ATNAE51 in Figure 6c.

The relationship between EBC0corr1
AE51, unhtd/rBCSP2 and

nonBCSP2/rBCSP2 is shown in Figure 7. Note that to
reduce uncertainties in the ratio calculations, this fig-
ure does not include data points where EBC0corr1

AE51, unhtd
and rBCSP2 are less than 0.1 mg m�3. It is evident that
these biases were significantly larger than the uncer-
tainties of rBCSP2 (see section “Single particle soot pho-
tometer (SP2)”) and were likely caused by the ratios of
nonBC materials to BC. A similar increasing trend to
the enhanced absorption due to nonBC materials has
been found in previous studies using different filter-
photometers (e.g., Zanatta et al. 2016). To the best of
our knowledge, this is the first study to show a clear
relationship between positive bias and the effect of
nonBC materials for the AE51. EBC0corr1

AE51, unhtd/rBCSP2

values were typically smaller than 1.5 (Figure 7), and
increased from �1 to �2.5 with increases in
nonBCSP2/rBCSP2. Equation (6) can be fitted to the
observed dataset to estimate the effect of non-BC par-
ticles on EBC measurements made using AE51:

fnonBC ¼ Y0� A � exp �B � nonBCSP2

rBCSP2

� �
, (6)

Figure 7. (Left panel) Relationship between EBC0corr1
AE51, unhtd/rBCSP2 and nonBCSP2/rBCSP2 (shaded circles). The 7-bin medians (with

interquartile ranges) are sorted by nonBCSP2/rBCSP2 (open markers). The regression line of the binned datasets is also shown (black
line, with the dashed line showing the extrapolation). The fitted coefficients with 95% confidence intervals are also shown; (Right
panel) the probability distribution of EBC0corr1

AE51, unhtd/rBCSP2.
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where Y0, A, and B are fitting coefficients determined
by least-squares fitting to be 2.71, 1.85, and 0.031,
respectively.

Relative humidity (RH) variations can affect meas-
urements of filter-photometers, when an aerosol dryer
was not used for sampling aerosols (e.g., Miyazaki

Figure 8. Correlations between EBCmeas
AE51, htd corrected using Equation (4) with rBCSP2 (a) and EBCCOSMOS (b), and between

EBCmeas
AE51, htd corrected using Equation (7) (shaded circles) and Equation (8) (black circles) with rBCSP2 (c) and EBCCOSMOS (d). Dashed

lines in (a) and (d) are depicted using a ratio of 1:1; (e) and (f) show the cumulative distributions of the ratio of EBCmeas
AE51, htd cor-

rected using Equation (7) (shaded) and Equation (8) (black) with rBCSP2 and EBCCOSMOS, respectively.
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et al. 2008). While the TFE coating on the filter media
used for the AE51 results in negligible adsorption of
water vapor onto the filter media, the RH of the sam-
ple air regulates the hygroscopic growth of water-sol-
uble aerosols on the filter media. Because the internal
temperature of the AE51 is 35–45 �C, the variations of
RH of the sample air can be minimized by gentle
heating of aerosols collected on the filter media except
for the summertime when the ambient temperature
rises as high as that in the AE51.

Formulating correction factors for the general use
of AE51 without heating treatment

Our results showed the significance of appropriate
post-data processing of EBCmeas

AE51, unhtd: When we
assume that the effect of particle loading on the col-
lection filter is independent of aerosol particle types
(i.e., pure-BC versus BC mixed with nonBC materials),
EBCmeas

AE51, unhtd can be corrected using fload (Equation
(5)) and an additional factor, C, as follows:

EBCcorr1
AE51, unhtd ¼ EBCmeas

AE51, unhtd= C � f htdload

� �
, (7)

where C is the constant to correct the bias derived from
the effects of nonBC materials. Based on linear regres-
sion analysis, the value of C was determined to be 1.25.
The factor to correct the particle loading effect (includ-
ing the multiple light scattering effect), f htdload, has the
same form as that for different types of aethalometer
(i.e., the AE33), which is the “linear model (f¼ 1 –
k�ATN)” proposed by Drinovec et al. (2015). This is
likely caused by the fact that the same filter material
(TFE-coated glass fiber) is used in both the AE51 and
the AE33. The average value of k, at the wavelength
880nm, was determined to be 0.0067 for the AE33 by
Drinovec et al. (2015), which is similar to our findings
(k¼ 0.0044). A value of k of 0.0039 was also derived
for the AE51 by Cheng and Lin (2013), which is also
similar to our result. It should be noted that these pre-
vious studies did not systematically discuss the effect of
nonBC materials on the filter-photometric

measurements. Nakayama et al. (2010) have discussed
the effects of the size distributions of BC aerosols on
multiple scattering in the filter media for filter-photo-
metric measurements. However, in this study, this
effect has been included in the correction factor for the
particle loading effect. The mass median diameters of
rBCSP2 were found to be 173±23 nm on average. Such
small variations in the mass size distributions and mix-
ing states (see Section S2) of rBCSP2 indicate that the
microphysical properties of BC aerosol particles had no
substantial impact on the sensitivity of the AE51 in our
case. As described in Section “MicroAeth AE51”, the
nonBC materials collected with the BC during the
unheated mode can affect the measurements of
ATNAE51 during the subsequent heated mode. Our add-
itional experiment described in Section S3 suggests that
this effect could not significantly affect the decreasing
sensitivity trend of the AE51 against ATNAE51. The pos-
sible cause of this is that EBCmeas

AE51 is proportional to the
time derivatives of ATNAE51 but not to ATNAE51.

To further correct EBCmeas
AE51, unhtd, it is recommended

that the correction factor for the effects of nonBC mate-
rials (fnonBC, Equation (6)) is also applied, thus:

EBCcorr2
AE51, unhtd ¼ EBCmeas

AE51, unhtd= f htdload � fnonBC
� �

: (8)

EBCmeas
AE51, unhtd values corrected using the above factors

(Equations (7) and (8)) were compared with EBCCOSMOS

and rBCSP2 (Figures 8a–d and Table 2). Both factors
reduced the biases for the SP2 and the COSMOS by
approximately 10% and 4%, respectively (Figure 4). The
use of Equation (9) notably increased the r2 values for the
correlation between the AE51 and the SP2. As the correc-
tion factors (Equations (7) and (8)) were developed based
on the comparison between the AE51 and the SP2, the
results from the comparison between the AE51 and the
COSMOSwere comparatively weaker. The cumulative dis-
tributions of the measured ratios of corrected
EBCmeas

AE51, unhtd to EBCCOSMOS and rBCSP2 are shown in
Figure 8e and f, respectively. The median values of both
EBCcorr1

AE51, unhtd/EBCCOSMOS and EBCcorr1
AE51, unhtd/rBCSP2 were

Table 2. Summary of intercomparison between the AE51 and the other instruments.

　
Correlation Ratio

Mode slope intercept r2 Avg. 1r

versus COSMOS Heated 0.97 ± 0.02 0.02 ± 0.01 0.92 1.02 0.17
Unheated 　 　 　 　 　
corrected by Equation (7) 1.04 ± 0.03 0.05 ± 0.01 0.89 1.19 0.23
corrected by Equation (8) 1.18 ± 0.03 �0.04 ± 0.01 0.93 1.03 0.22

versus SP2 Heated 0.95 ± 0.02 0.03 ± 0.01 0.92 1.03 0.19
Unheated 　 　 　 　 　
corrected by Equation (7) 0.86 ± 0.03 0.10 ± 0.02 0.80 1.17 0.30
corrected by Equation (8) 1.06 ± 0.01 �0.02 ± 0.01 0.97 1.00 0.15

Time resolution ¼ 15min; values after “±” are the 95% confidence interval of the fitted parameters; the unit of the intercept is
lg m�3.
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higher than unity (1.1–1.2), indicating that the use of
Equation (8), including corrections for the two terms, is
essential to bring EBCmeas

AE51, unhtd into agreement with
EBCCOSMOS despite no significant differences in the
strength of their correlation.

The use of environmental monitoring data
for correction

As the SP2 is not always available to researchers using
the AE51, and the AE51 would be used outdoors

where the SP2 is difficult to operate, a proxy for
nonBCSP2/rBCSP2 is required in typical urban and
rural atmospheric environments. Deploying a light-
weight optical particle counter (e.g., Sousan et al.
2016) together with the AE51 is an alternative means
of considering the impact of nonBC materials on the
BC concentrations obtained using the AE51. Here, we
propose the use of environmental monitoring data
(mass concentrations of PM2.5 aerosols) as an alterna-
tive to nonBCSP2. To demonstrate this, we used daily
PM2.5 aerosol mass concentration datasets from the

Figure 9. Correlations between (a) SP2-derived total aerosols (nonBCSP2 þ rBCSP2) and PM2.5 aerosols at four environmental moni-
toring stations (Black circles¼Oppama station; shaded circles¼Nagasaka station; shaded squares¼ Kurihama station; shaded
triangles¼Honmoku station) and (b) between nonBCSP2/rBCSP2 ratios and nonBCPM2.5 (� PM2.5 - rBCSP2)/rBCSP2 ratios at Oppama
station. The dashed line in (a) is shown using a ratio of 1:1.
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Atmospheric Environmental Regional Observation
System (AEROS), which is managed by the Ministry
of the Environment Government of Japan (http://sora-
mame.taiki.go.jp/). Figure 9a shows a comparison of
daily mass concentrations (00:00–24:00, LT [UTC þ
9 h]) of SP2-derived total aerosol (nonBCSP2 þ
rBCSP2) and PM2.5 aerosols measured at four stations
near the observation site (see Figure S1).

SP2-derived total aerosols correlated well with PM2.5

aerosol values from the monitoring stations (especially at
the Oppama site [r2¼ 0.87]), even though the definition
of the size cut between the measurements (PM2.5 for
AEROS versus submicron for SP2) and locations of the
observation sites were different. This indicates that the
observation site is representative of the surrounding area,
and that nonBCSP2/rBCSP2 ratios can be translated into a
different parameter using PM2.5 concentrations. We cal-
culated PM2.5 nonBC material (nonBCPM2:5 ) concentra-
tions by subtracting rBCSP2 from PM2.5 concentrations,
and using the ratio of nonBCPM2:5 to rBCSP2 as a proxy
for nonBCSP2/rBCSP2. The nonBCPM2:5 /rBCSP2 ratio was
well correlated with nonBCSP2/rBCSP2 (Figure 9b). Thus,
it is possible to estimate values of fnonBC using PM2.5

datasets obtained from environmental monitoring sta-
tions. When we operated the AE51 without the heater
and near the environmental monitoring sites, the com-
patibility shown in Figure 9b indicates promise for a
wide range of applications. Here, EBCcorr2

AE51, unhtd and
rBCSP2 were assumed to be the true concentrations of BC
(BCtrue). Thus, Equations (6) and (8) can be rewritten as:

fnonBC ¼ Y0� A � exp �B � PM2:5 � BCtrue

BCtrue � 2:55
� �

¼ gnonBC PM2:5,BCtrueð Þ, (6')

and

BCtrue ¼ EBCmeas
AE51, unhtd= C � f htdload � g PM2:5,BCtrueð Þ

� �
,

(8')

respectively. Although BCtrue is included in both sides
of these equations, they can be numerically solved. It
should be noted that the derived coefficient C and the
functions fnonBC and gnonBC can be spatially (e.g., near
versus remote sources) and/or temporally (e.g., sea-
sonally) variable. However, at the very least, these
parameters can be applied to observations made near
anthropogenic emission sources, as described in
Sections “Materials and methods” and S1 (Kanaya
et al. 2014; Miyakawa et al. 2016).

Remaining issues

Further characterizations of the AE51 are needed for
understanding its performance in remote atmosphere
with lower BC concentrations than in our study. The
use of the heated inlet will minimize the uncertainties
regarding nonBC materials, for example major inor-
ganic and organic aerosols in the submicron size
range, in a wide variety of atmospheric environment
(e.g., remote island, Miyakawa et al. 2017; Ohata et al.
2019). One exception is marine boundary layers
(MBLs) where “thermally inert” sea-salt particles dom-
inate. This is indicated by a previous study using the
COSMOS in which includes the heated inlet (Ohata
et al. 2019). Note that the use of the heated inlet can
induce charring of refractory organic materials such
as humic-like substances (HULIS), slightly affecting
the light-absorption measurements as indicated by
Kondo et al. (2011). Dust aerosol particles exported
from desert regions can also affect the AE51 perform-
ance, because of their light-absorption property and
thermal inertness.

Conclusions

We have presented a methodology for correcting BC
mass concentrations measured using a miniaturized
aethalometer, the MicroAeth AE51, based on an inter-
comparison with independent instruments (the
COSMOS and the SP2). Two well-known uncertain-
ties in filter photometric techniques, i.e., the particle
loading effect (including the multiple-scattering effect
in this study) and the positive artifact of light-scatter-
ing materials on the filter, were systematically eval-
uated for the AE51 for the first time. We operated the
AE51 both with sample air passing and bypassing a
pre-heater maintained at 300 �C to minimize the sam-
pling of light-scattering (i.e., nonBC) materials.
Alternate operation in heated and unheated modes
(for 15min) enabled the separation of the two uncer-
tainty effects. Under the heated mode, a decreasing
linear trend was observed in the correlation between
EBCCOSMOS (or rBCSP2) and EBCAE51 with an increase
in ATNAE51 (�0.44% per ATNAE51). These results are
similar to those described by Drinovec et al. (2015)
(�0.67% per ATN) and Cheng and Lin (2013)
(�0.39% per ATN). The ATNAE51 criterion for the
exchange of the sampling filter was evaluated to be
60–70. The EBCAE51 corrected for the particle loading
effect under the unheated mode still showed biases
relative to those measured using the COSMOS and
the SP2, which were well correlated with nonBCSP2/
rBCSP2. Using this relationship, EBCAE51 can be
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corrected for (and even under the unheated mode) to
be consistent with data obtained using the COSMOS
and the SP2. We also suggest that the correction fac-
tor can be derived based on PM2.5 concentrations
obtained from environmental monitoring stations.
This approach will be beneficial to potential users of
the AE51 for whom SP2 data are not available. It
should be noted that all of the derived coefficients
and functions may be spatially and/or temporally vari-
able. However, at the very least, these parameters can
be applied to observations made near anthropogenic
emission sources. Further characterizations of the
AE51 are needed for understanding its performance
in remote atmosphere, especially MBL and des-
ert areas.
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