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Abstract

Aerosol black carbon is a unique primary tracer for combustion emissions. It affects
the optical properties of the atmosphere and is recognized as the second most impor-
tant anthropogenic forcing agent for climate change. It is the primary tracer for adverse
health effects caused by air pollution. For the accurate determination of mass equiva-5

lent black carbon concentrations in the air and for source apportionment of the concen-
trations, optical measurements by filter-based absorption photometers must take into
account the “filter loading effect”. We present a new real-time loading effect compen-
sation algorithm based on a two parallel spot measurement of optical absorption. This
algorithm has been incorporated into the new Aethalometer model AE33. Intercompar-10

ison studies show excellent reproducibility of the AE33 measurements and very good
agreement with post-processed data obtained using earlier Aethalometer models, and
other filter-based absorption photometers. The real-time loading effect compensation
algorithm provides the high-quality data necessary for real-time source apportionment,
and for determination of the temporal variation of the compensation parameter k.15

1 Introduction

The combustion of carbonaceous fuels inevitably results in the emission of gas and
particulate air pollutants. One of the fractions of the emitted particles are light absorb-
ing carbonaceous aerosol compounds, in particular black carbon, an aerosol species
exhibiting very large optical absorption across the visible part of the optical spectrum.20

Black carbon is a unique primary tracer for combustion emissions as it has no non-
combustion sources. It is inert and can be transported over great distances (Hansen
et al., 1989; Bodhaine, 1995; Sciare et al., 2009). Black carbon affects the optical prop-
erties of the atmosphere when suspended, and is recognized as the second most
important anthropogenic forcing agent for climate change after CO2 (Ramanathan and25

Carmichael, 2008; Bond et al., 2013). Black carbon is also the leading indicator of the
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adverse health effects caused by particulate air pollution (Janssen et al., 2011, 2012;
Grahame et al., 2014). Reducing air pollution is a major societal need, which must
be addressed at a local, national, regional, and global scale. Source apportionment
of air pollutants and determination of the time evolution of the source contributions to
their ambient concentrations are essential for these efforts. Black carbon as a primary5

pollutant, closely related to sources, must be measured.
Optical methods are used for real time determination of aerosol black carbon concen-

trations. The sample air stream is drawn through a filter tape, and the aerosol particles
are collected on it. Optical filter photometers perform measurements of light trans-
mission (Hansen et al., 1982; Bond et al., 1999), or a combination of reflection and10

transmission measurements (Petzold et al., 2005). Transmission of light through the
sample-laden filter is measured and the attenuation coefficient is calculated from the
rate of attenuation change with time. The attenuation coefficient is converted to the
absorption coefficient, and the mass equivalent black carbon concentration (Petzold
et al., 2013; we will use BC below as a short form) is calculated by dividing the absorp-15

tion coefficient with the BC specific mass absorption cross-section. Other methods
to determine the absorbing and/or refractory and/or thermally stable carbonaceous
aerosol include photo-acoustic detection, light-induced incandescence and thermal-
optical analysis (Arnott et al., 1999; Stephens et al., 2003; Chow et al., 1993; Birch and
Cary, 1996; Cavalli et al., 2010).20

All filter-based optical methods exhibit loading effects (Bond et al., 1999; Weingart-
ner et al., 2003; Virkkula et al., 2005, 2007, 2010; Collaud Coen et al., 2010; Park
et al., 2010; Hyvarinen et al., 2013). The relationship between attenuation and BC sur-
face loading is linear for low attenuation values. However, this relationship becomes
non-linear when the attenuation values are high due to a filter saturation effect (Gundel25

et al., 1984). In the presence of saturation, assuming linear proportionality between
attenuation and the BC surface loading would lead to underestimation of the BC con-
centrations. The measurements must be compensated for this loading effect, so that
they accurately represent the ambient BC concentrations. This has been performed in
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the past with an algorithm embedded in the filter photometer, assuming fixed compen-
sation parameters (Bond et al., 1999; Virkkula et al., 2005, 2007, 2010), or attempting
to compensate the data performing an additional measurement of reflection (Petzold
et al., 2004) or scattering (Arnott et al., 2005). Alternatively, a post-processing algo-
rithm can be employed using either fixed parameters (Hyvarinen et al., 2013), or using5

parameters obtained from the data themselves (Virkkula et al., 2007; Park et al., 2010;
Hyvarinen et al., 2013). Weingartner et al. (2003) and Virkkula et al. (2007) models
have been most frequently used for loading effect compensation of the Aethalometer
data (Table 1). The non-compensated concentration, reported by the instrument, BCNC
is compensated using a pre-determined compensation parameter (f or k, depending10

on the model) and the attenuation (ATN) values, as measured by the Aethalometer, to
determine the compensated BC concentration.

Post-processing the data allows determination of slowly changing compensation pa-
rameters, which are representative for a longer measurement period. However, it has
been shown that the loading effect differs between the seasons, possibly depending15

on the aerosol properties (Virkkula et al., 2007). The assumption of fixed or specified
aerosol properties will introduce systematic errors in the data if the assumed values
are incorrect for the sampled aerosol. Especially aerosols from local sources exhibit
great temporal and spatial variability and these variations need to be addressed in the
algorithms to accurately compensate the data. Post-processing eliminates the loading20

effects in the data but it frequently relies upon assumptions of the compensation pa-
rameters. It also requires time and resources for data processing. The compensation
parameters depend on the wavelength of light used in the analysis (Weingartner et al.,
2003). Accurate compensation of absorption measurements is essential if the spectral
measurements are used for source apportionment of BC or carbonaceous aerosols25

(Sandradewi et al., 2008b).
Therefore, it is absolutely crucial that the compensation is validated. In filter pho-

tometers, there is an automatic tape change when an attenuation threshold is reached.
Thus, one can observe a discontinuity of BC when transitioning from a loaded spot
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to a fresh one, where loading effects are negligible. Providing that the concentration
does not change in the time, during which the filter tape is being advanced (typically
20 min in older type Aethalometers), these discontinuities in the BC concentration at
the time of the tape advance display the “goodness” of the compensation. A simpler
method, making no assumptions, follows the method described in Park et al. (2010),5

and is developed into a criterion for the test of the compensation in Segura et al. (2014),
examining the nonlinearity by plotting the dependence of the measured BC on the ac-
cumulated surface loading on the filter as reported by the measured optical attenuation.

A solution, which is superior to the compensation methods described above, is to
measure the nonlinearity itself with a high time resolution by the filter photometer. Here10

we introduce a new Aethalometer model AE33 which performs such a measurement
and compensates for the nonlinearity in real-time. This is achieved by measuring the at-
tenuation of light on two sample spots with different loading, and using this information
to extrapolate the measurements to zero loading, thereby eliminating the non-linearity.

2 Methods15

The new Aethalometer model AE33 collects aerosol particles on the filter continuously
by drawing air containing the aerosol through the filter tape. It measures the transmis-
sion of light through the filter tape containing the sample and through an unloaded part
(spot) of the filter tape acting as a reference area, at 7 different wavelengths. It deduces
the optical properties and the instantaneous concentration from the rate of change of20

the attenuation of light in the particle-laden filter. In the newly developed Aethalometer,
two measurements are obtained simultaneously from two sample spots with different
rates of accumulation of the sample. Both spots derive their samples from the same
input air stream. Consequently, any non-linearity will have the same fundamental char-
acteristics, but the resulting saturation will be of different magnitude. The two results25

are then combined to eliminate non-linearities and provide the compensated particle
light absorption and BC mass concentration. The method explicitly does not require any
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knowledge or assumption about the existence, origin or magnitude of the non-linearity
arising from the properties of the aerosol particles collected on the filter.

2.1 Aethalometer AE33

The newly developed Aethalometer model AE33 (Magee Scientific) follows the same
basic measurement principle as the older models described above. Aerosol particles5

are continually sampled on filter and the optical attenuation is measured with high
time resolution 1 s or 1 min. Attenuation is measured on two spots with different sam-
ple flows and on the reference spot without the flow (Fig. 1). The black carbon mass
concentration (BC) is calculated from the change in optical attenuation at 880 nm in
the selected time interval using the mass absorption cross-section 7.77 m2 g−1. At this10

wavelength other aerosol particles (carbonaceous or mineral) absorb significantly less
and absorption can be attributed to BC alone (Sandradewi et al., 2008a, b; Fialho et al.,
2005; Yang et al., 2009; and references therein). Measurements at distinct spectral re-
gions (370, 470, 520, 590, 660, 880 and 950 nm) allow for spectral analysis of the data
– the analysis of the dependence of absorption on the wavelength can be of impor-15

tance for research on direct effects of aerosol BC, climate forcing (Bond et al., 2013;
IPCC, 2013) or mineral dust detection (Collaud Coen et al., 2004), through the de-
termination of the single scattering albedo dependence on the wavelength; or source
apportionment (Sandradewi et al., 2008b).

When the attenuation reaches a certain threshold, a tape advance is induced so that20

measurements start on the clean spot. The attenuation threshold is called ATNmax with
a default value of 120, which can be changed by the user – for example to conserve
the filter tape by setting the value larger. However, setting the ATNmax value too high
would impact the measurement and make it excessively noisy at high attenuation. The
air flow is measured by two mass-flowmeters after the aerosol particles are deposited25

on the filter. Several valves are incorporated in the manifold to allow for bypass (air is
not flowing through the filter during tape advance procedure), clean air (air is filtered
before reaching the optical chamber – used during the warm-up procedure and during
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automated quality control tests) and measurement modes. The flow diagram describing
different flow modes can be seen in Fig. 1.

2.2 Filter material

Two different filter tape materials were tested in the new Aethalometer. Both are com-
posed of filtering fibers attached to the polyester backing. Quartz filter is the same as5

used in the older Aethalometer types (Pallflex Q250F); and tetrafluoroethylene (TFE)-
coated glass filter (Pallflex “Fiberfilm” T60A20). The main reason to introduce TFE
coated glass filter is the sensitivity of quartz filter to changes in sample air stream
humidity. While the Global Atmospheric Watch recommendation states that aerosol
optical properties should be measured at low and stable relative humidity (WMO/GAW,10

2003), many instruments for measurement of aerosol absorption and scattering are
operated without them.

2.3 Evaluation method for loading effect compensation algorithms

The loading effect was analyzed using a plot of the BC dependence on ATN (Park
et al., 2010; Segura et al., 2014). This approach is based on the idea that within a long15

enough measurement campaign the probability to measure a certain BC value in an
ATN bin is constant and independent of the ATN:

BC(ATN) = BC (1)

However, the presence of the loading effect in filter-based absorption photometers20

causes an ATN-dependent change in the instrumental sensitivity. In the Aethalome-
ters, this is seen as the reduction of measured BC at higher attenuations (Fig. 2a).
For the quantitative analysis, low values of attenuation are omitted, because of the
transients after tape advances. At attenuations above a certain value, the frequency of
measurements drops (Fig. 2b) and the assumption of Eq. (1) does not hold any more25

(for example, tape advances may be triggered by high BC events). Consequently, data
10186
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with ATN> 45 in Fig. 2a are not used for fitting the dependence of the instrumental
sensitivity as the function of ATN.

In Aethalometers BC(ATN) can be well approximated using a linear fit (Fig. 2b),
where the average concentration in the analyzed period (BC0) is the intercept and
RS is the relative slope of the instrumental sensitivity:5

BC(ATN) = BC0 +
dBC
dATN

·ATN = BC0(1+RS ·ATN), (2)

RS =
1

BC0

dBC
dATN

,

This approach can be applied for any measurement parameter, for example the op-
tical absorption coefficients babs(λ) or the optical absorption Ångström exponent α10

(Ångström, 1929). Care should be taken that the frequency distribution within the re-
spective ATN bins is mono-modal (Fig. 2c). This validates the use of a single period for
analysis, as the aerosols investigated during the period should be homogeneous – for
example, the source composition should not change completely, and specific episodes
(such as Saharan dust events) should be excluded. A bi-modal frequency distribution15

usually means that the period is composed of two distinct and different sub-periods
which should be analyzed separately.

2.4 Dual-spot loading compensation algorithm

It was shown that filter loading effect changes with location and time of year (Virkkula
et al., 2007). The BC(ATN) analysis, performed on data from five sites across the globe,20

shows significantly different values of the loading effect relative slope (Fig. S1–S5 and
Table S1 in the Supplement). For the development of the real-time compensation algo-
rithm, which will be applicable to aerosol particles with different optical properties, the
loading effect must be measured and parameterized with the same time resolution as
the measurement itself. Herein, we describe a dual spot approach, where the data from25
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two filter spots with different loading is used to measure the loading effect, calculate the
compensation parameter and apply it to the data to obtain compensated results.

The optical attenuation for each spot is calculated as:

ATN = −100 · ln(I/I0), (3)
5

where I is the detector intensity signal for the measurement spot and I0 the detector
signal for the reference spot. The factor 100 is there for convenience only (Gundel
et al., 1984). Gundel et al. (1984) showed that optical attenuation measured at 532 nm
for samples collected on quartz filter started to saturate at surface loadings (B) above
10 µg cm−2 of black carbon. This can be parameterized by an empirical relationship of10

ATN vs. loading B:

ATN =
1
k

(1−e−kBσ), (4)

where σ is the black carbon optical mass cross-section (Table S2) and k is a loading
effect parameter. When particles from the sample air stream are continuously collected15

on the filter, measured black carbon concentration (BC) is proportional to the rate of
change of the filter surface loading B:

BC = (dB/dt) ·S/F , (5)

where F is the volumetric flow and S is filter surface area on which the aerosol particles20

are deposited. Combining these equations we obtain:

BC =
dATN

dt
· S
F

· 1
σ
· 1
(1−k ·ATN)

= BCNC/(1−k ·ATN), (6)

where BCNC represents non-compensated black carbon concentration. This equation
is similar (but not the same) to the one presented by Virkkula et al. (2007) (Table 1). The25

filter loading effect (that is, the loss of sensitivity of the measurement with the loading
of the filter spot) as described by different models is presented in Fig. 3.
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The loading effect is a cumulative property of the cumulative deposit of particle ma-
terial on the filter rather than the instantaneous black carbon concentration. Conse-
quently, it has to be calculated from the total filter loading B and not BC (t). For two
filter spots, which collect the same aerosol with different respective rates, we obtain
different loading, but the same value of the loading parameter k:5

e−σkB1 = (1−k ·ATN1) , (7)

e−σkB2 = (1−k ·ATN2) . (8)

The attenuations ATN1 and ATN2 are measured. The filter loading values for the two
sample spots B1 and B2 are proportional to the air flows through the two sample spots.10

The parameter k is determined by numerically solving the following equation:

y =
F2

F1
=

ln(1−k ·ATN2)

ln(1−k ·ATN1)
. (9)

Fine-tuning of the compensation algorithm

The calculation of k is very sensitive to small errors in determination of flow face veloc-15

ities for both filter spots. Face velocity ratio factor (FVRF) is introduced as an additional
empirical factor in the Eq. (9):

y =
F2

F1
·FVRF (10)

FVRF is determined from the ATN2/ATN1 ratio obtained at low filter loadings. In prac-20

tice, FVRF is determined as an intercept of the (ATN2/ATN1) vs. ATN1 for data fitted
with the linear function within a certain attenuation range between the values ATNf1
and ATNf2:

FVRF =
(

ATN2

ATN1

)
0
·
F1

F2
. (11)

25
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Choosing a lower limit on the attenuation range, ATNf1 is needed to avoid filter matrix
transients after the tape advance. The upper limit ATNf2 is set to be small enough
not to be influenced by the filter loading effect (compare with ranges shown in Fig. 2).
FVRF is calculated from data at low attenuations, while the determination of k is more
accurate at high attenuations. For the compensation, we thus use a weighting method,5

where we take in the account the previously-determined k from the fully loaded spot
before the tape advance:

kweighted =
(ATNTA −ATN1) ·kold + (ATN1 −ATNf2) ·k

(ATNTA −ATNf2)
, (12)

where ATNTA is the attenuation setting to trigger the tape advance (typically around 12010

at 370 nm). A weighted value of the parameter k (kweighted) is used for loading effect
compensation.

2.5 Black carbon concentration (BC) calculation

The calculation of BC is based on the Eq. (6). Because the air flow is measured after
the air passes the filter, lateral air flow in the optical chamber ζ has to be taken into15

account:

Fin = Fout · (1− ζ ). (13)

The value of ζ is determined by measuring of input and output flow and was found to be
in the 0.02–0.07 range. The optical absorption of aerosols on the filter is influenced by20

scattering of light within the filter – the enhancement of optical absorption is described
by the factor C (Weingartner et al., 2003) which depends on the filter material:

bATN = C ·babs, (14)

where bATN is the optical attenuation coefficient measured for aerosol particles cap-25

tured on the filter, while babs is the in-situ absorption of aerosol particles suspended
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in the air. The enhancement parameter C has no statistically significant spectral de-
pendence (Weingartner et al., 2003; Segura et al., 2014), with its value determined by
comparing different methods and instruments in laboratories and in ambient observa-
tories (Weingartner et al., 2003; Collaud Coen et al., 2010; Müller et al., 2011; Segura
et al., 2014) resulting in a range of values. The value of C may depend on the particle5

properties, as shown for PSAP (Nakayama et al., 2010). It turns out that the value of C
strongly depends on the filter material used (see chapter 3.3) being Cquartz = 2.14 for
quartz filter and CTFE = 1.57 for TFE coated glass fiber filter. BC is historically defined
by Aethalometer measurement at 880 nm, so we use parameters at this wavelength to
derive the mass equivalent concentration using σair = 7.7m2 g−1, obtained initially by10

comparing optical and thermal measurements of filters loaded with refractory carbona-
ceous material (Gundel et al., 1984). We use the attenuation measured on spot 1 (the
spot with the higher flow of the two spots):

BC =
S · (∆ATN1/100)

F1(1− ζ ) ·σair ·C · (1−k ·ATN1) ·∆t
, (15)

15

where a factor of 100 is required due to original definition of attenuation in Gundel
et al. (1984). The above determination is performed simultaneously at seven different
wavelengths using mass absorption cross-sections listed in the Supplement (Table S2).
The aerosol optical absorption coefficients are therefore:

babs(λ) =
S · (∆ATN1(λ)/100)

F1(1− ζ ) ·C · (1−k ·ATN1(λ)) ·∆t
. (16)20

2.6 Measurement campaigns

The dual-spot compensation algorithm was evaluated in the field during a measure-
ment campaign in Klagenfurt (Austria) in March 2012. The performance of the new
algorithm was tested for the AE33 model Aethalometer and compared to the off-line25
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compensation (Weingartner et al., 2003) used to post-process the AE31 Aethalometer
data manually.

The Klagenfurt campaign took place between 1 and 12 March 2012 at the air quality
station of the Carinthian regional government at Völkermarkter Strasse, located in the
middle of the busy intersection and strongly influenced by local traffic. Measurements5

were made using one Aethalometer model AE31 instrument (with the regular Q250
quartz filter tape) and two Aethalometer model AE33 instruments (one with the Q250
quartz filter tape, the other with T60A20 TFE coated glass fiber filter tape) during the
whole campaign. Each of the instruments was operated at an air flow of 5 L min−1, with
tape advances set to occur at ATNmax = 120. Instruments were connected to a common10

inlet without a cyclone or a dryer. The weather during the campaign was stable (without
strong wind, rain or snow). Temperatures at night were below 0 ◦C, and the weather was
mostly sunny during the day with temperatures slightly above 0 ◦C. In Klagenfurt and
the surrounding basin, wood is a major energy source for household heating during
winter.15

A set of measurements was made in Leipzig as part of the ACTRIS intercompar-
ison workshop at TROPOS (Leibniz Institute for Tropospheric Research, Germany)
from 18 to 21 February 2013 (ACTRIS, 2014). Three Aethalometers model AE33, sev-
eral Aethalometers AE31 (average age 7 years, range 1 to 14 years), one AE22, and
a MAAP (Multiangle Absorption Photometer, model 5012, Thermo Scientific) were con-20

nected to a common inlet, not necessarily all of the instruments were operational at all
times during the campaign. The aerosol was dried using a silica-gel diffusion drier. Dur-
ing the campaign the weather was cloudy and windy with temperatures slightly below
zero (ACTRIS, 2014).

2.7 Source apportionment of black carbon emissions25

Source apportionment of ambient BC concentrations is based on the Sandradewi
et al. (2008b) model. Briefly, the two-component model considers the aerosol optical
absorption coefficient as a sum of biomass burning and fossil fuel combustion fractions,

10192

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/10179/2014/amtd-7-10179-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/10179/2014/amtd-7-10179-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 10179–10220, 2014

The “dual-spot”
Aethalometer

L. Drinovec et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

and takes advantage of the difference in the wavelength dependence of absorption:
since fossil fuel and biomass contributions to aerosol absorption feature specific val-
ues of the absorption Ångström exponent, it is possible to construct a source specific
two-component model. We assumed the two sources follow λ−1 and λ−2 spectral de-
pendencies, respectively, as used in Sandradewi et al. (2008b), and Favez et al. (2010)5

among the range of possible values (Kirchstetter et al., 2004).

3 Results

During the Klagenfurt campaign, we observed filter loading effects in all tested
Aethalometer data as expected. The effect is most pronounced for the 370 nm channel
which has highest attenuation (Fig. 4). The loading effect can be analyzed either by10

checking the magnitude of discontinuities at tape advances (Fig. 4a) or by performing
babs as a function of ATN analysis (babs (ATN) in Fig. 4b, as described in Sect. 2.3).
This analysis was used to calculate relative babs (ATN) slopes for all spectral channels.
The same approach was used to validate the performance of the loading compensation
algorithms, since the data after compensation should feature no loading effect and the15

relative babs (ATN) slopes should be close to zero.

3.1 Compensation of AE31 data by post-processing

Data from Aethalometer AE31 were compensated manually using the Weingartner
model (Weingartner et al., 2003). The compensation parameter f values were obtained
by minimizing the discontinuities in babs across tape advances (f1 = 1.319, f2 = 1.288,20

f3 = 1.244, f4 = 1.213, f5 = 1.213, f6 = 1.203, f7 = 1.203). As previously found (e.g.
Sandradewi et al., 2008a), larger f values were obtained for shorter wavelengths al-
though the babs (ATN) method shows a somewhat smaller loading effect for that spec-
tral range. Compensated data show small ATN dependencies (Fig. 5).
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3.2 Real-time compensation of AE33 data

The real-time loading effect compensation algorithm was tested in the Aethalometer
model AE33 using both the quartz Q250 and the new TFE coated glass filter. As men-
tioned before, we introduced the TFE coated glass filter to reduce changes in the sam-
ple air stream humidity which influence the correct determination of the compensation5

parameter k. Laboratory test results (data not shown) show that the sensitivity of TFE
coated glass filter to humidity changes is approximately 6 times smaller compared to
quartz.

The real time compensation algorithm was evaluated during the winter measurement
campaign in Klagenfurt. Figure 6 shows the relative slope of babs (ATN) for uncompen-10

sated (BC determined from a single spot, as in the AE31) and compensated data for
all seven wavelengths. We can observe a larger loading effect at longer wavelengths.
When the data are correctly compensated, the resulting relative slope is near zero. In
the AE33, we have compared the loading parameter determined for each of the two
differently loaded filter spots individually and found no statistically significant difference15

(−0.0069±0.0007 and −0.0058±0.0013).
The effectiveness of the compensation algorithm can be tested in two different ways.

The first is the comparison of the parameter value at low attenuations with the cam-
paign average for the same parameter – for example, the intersect of the BC concen-
tration, the absorption coefficient or the absorption Ångström exponent (BC0, babs0,20

α0) in the plot showing the dependence of the parameter on ATN, to their average
value. The second test is the relative slope of the tested parameter’s dependence on
ATN. Analysis results for AE31 with the quartz filter and AE33 with both filter types are
summarized in Table 2 for BC and the Ångström exponent. As expected, the average
BC is smaller than BC0 for the non-compensated data. The difference between aver-25

age BC and BC0 is more pronounced for TFE coated glass fiber filter than for quartz
filter because for the same ATN, the surface loading of the filter with black carbon is
larger for the TFE coated glass fiber filter due to the smaller value of the filter matrix
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enhancement parameter C in this filter (see also below, Sect. 3.3). Averages of com-
pensated data agree well with the intercept (average BC and BC0, for example) and
the differences are smaller than the standard error of the parameter. This means that
the BC concentrations were well compensated. The relative slopes for BC(ATN) are
almost identical and show similar loading effects for the quartz filter in both the AE315

and the AE33. For the TFE coated glass filter, the relative slope is larger and the load-
ing effect is more pronounced. Both compensation methods work well as observed by
a statistically not significant ATN dependence of the compensated data. The maximum
ATN values are different for different wavelengths and range between 120 (370 nm) and
approximately 45 (950 nm).10

The filter loading effect strongly influences the calculation of the Ångström exponent
α, which was calculated from α = ln(b470nm/b950nm)/ln(950/470), as shown by the dif-
ference between the intercept α0 and the uncompensated average value α (Table 2b).
Uncompensated data will not yield a correct value of α, yielding incorrect results when
performing black carbon source apportionment. Use of the compensation algorithm15

greatly improves the calculation of the Ångström exponent; consequently real-time
source apportionment is possible and has been implemented in the Aethalometer
model AE33.

3.3 Influence of the filter material

Measurements using the AE33 have been performed with two filter types: the quartz20

Q250 and the new TFE coated glass filter, allowing a determination of the value of the
absorption enhancement parameter C. It was shown that for fresh soot particles (as
expected during the Klagenfurt campaign) on quartz filter the enhancement parameter
is C ≈ 2.14 (Weingartner et al., 2003). The most robust parameter for determination of
the instrument sensitivity was BC0 obtained from the BC(ATN) analysis. The determi-25

nation of BC0 does not depend on the choice of the compensation method since the
method is not employed – the parameter is determined from the uncompensated data.
Parameter C for the TFE coated glass filter was set to give the same values of BC0
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for both filter types. For the TFE coated glass filter we obtained: C ≈ 1.57 using the 2
week Klagenfurt campaign data.

The parameter C influences the average loading on the filter spots since the instru-
ments were set to advance the tape at a maximum attenuation (for the UV channel)
of 120. This is the recommended maximum attenuation value which is also the default5

value in the instrument, but can be changed by the user to a larger or smaller value.
The maximum surface loading Bmax can be calculated using Eq. (4) and is reported in
Tale 3:

Bmax =
− ln(1−k ·ATNmax)

k ·σair ·C
(17)

10

The maximum surface loading should be calculated from the measured parameters in
the infrared to avoid any influence of the additional absorbing compounds, such as the
ones present in biomass smoke and sometimes called “Brown Carbon”. These absorb
heavily in the ultra-violet and blue and not in the infrared (IR) part of the spectrum.
By calculating the loading in the IR, absorption can be attributed to BC alone, and the15

surface loading can be calculated as the black carbon loading. In the IR, the attenuation
reaches typically values around 50 for a fully loaded spot.

The maximal loading is approximately 1.43 times higher for the TFE coated glass
fiber filter than for the quartz filter, similar to the average difference in values of param-
eter k for both filters (1.24), indicating that the loading effect (1−k ·ATN) is similar for20

similar filter loadings (Table 3).
Comparison of the parameter k values obtained by the real-time algorithm show very

good correlation with the relative slope of babs (ATN), except for the UV channel, which
is hindered by transients (Fig. 7), believed to be caused by adsorption and desorption
of UV-absorbing volatile organic species. These effects are more pronounced for the25

quartz filter.
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3.4 Time dependence of parameter k

The real-time calculation of the compensation parameter k as a function of wave-
length provides additional information on the physical properties of optically absorbing
aerosols. Measurements during the Klagenfurt campaign show high temporal variabil-
ity of this parameter (Fig. 8). There are periods with larger values of k during the5

night and smaller values of k during the day. Post-processing compensation methods
will produce only an average value of compensation parameters, and therefore using
a constant value of the compensation parameter for the whole campaign will cause
either undercompensation or overcompensation of the data in certain periods.

Another advantage of using a real-time method for loading effect compensation is10

the possibility to perform real-time source apportionment of BC using a two component
model (Sandradewi et al., 2008b). A diurnal plot of the biomass burning contribution
to BC concentration shows a trend typical for Alpine cities, where wood is used for the
residential heating (compare, for example Favez et al., 2010); there is a large contribu-
tion of biomass burning to BC concentration, with a maximum at 32 % during the night15

(Fig. 9). The morning peak and the onset of the afternoon peak in BC concentration are
consistent with the increased traffic. The midday dip in BC is most probably caused by
the thermally induced vertical mixing, because the campaign took place during the pe-
riod of sunny weather. The reduction of k880nm between 9 h and 15 h might be caused
by the inflow of aerosols which have started to age, while the earlier reduction might20

be related to the change in composition, both topics of ongoing investigations.

3.5 Comparison of AE33 with AE31 – the Klagenfurt field campaign

During the Klagenfurt campaign, data from the AE31 with the quartz filter and AE33
with TFE coated glass filter were compared (Fig. 10). The AE31 data were compen-
sated for the loading effects, using the Weingartner post-processing algorithm, while25

the AE33 data were compensated using the real-time “dual spot” algorithm. The results
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show excellent agreement between the instruments across a wide dynamic range, with
R2 = 0.89, a negligible intercept of 40 ng m−3 and a slope of 1.006.

3.6 Comparison of AE33 with filter photometers

During the ACTRIS campaign in Leipzig the Aethalometers AE31, AE22, AE33 and
a MAAP were compared. These instruments are all filter based absorption pho-5

tometers, but use different filter materials and differ in the measurement technique;
Aethalometer measurements are based on the measurement of transmission of light
(880 nm) through one sample spot (AE31, AE22) or two spots (AE33), whereas the
MAAP uses measurement of transmission and reflection of light (637 nm) at two differ-
ent angles to derive the absorption coefficient and the BC concentration using a radia-10

tive transfer model.
The instruments were compared in controlled conditions with all instruments con-

nected to the same sampling line, using a diffusion drier. Measurements were com-
pared with a time resolution 5 min – this is the native time resolution of the legacy
Aethalometers AE31 and AE22, while AE33 and MAAP data were averaged to this15

resolution (ACTRIS, 2014). The AE31 and AE22 data in this study have not been com-
pensated, because instruments were run at low filter loading settings. We show the re-
gression between AE33 instruments and the MAAP in Fig. 11 (the time-series is shown
in Fig. S6). BC concentrations were higher during the day, showing the contribution of
local traffic. During the two and a half day of experiment, we observed spectral signa-20

tures of k similar to that in Klagenfurt. The regression results for these comparisons
and extended comparisons performed in Belgium (Maetz and Peters, 2013) and in the
United States (USEPA, 2014) are reported in Table 4. The regression between the
AE33 Aethalometers exhibits a higher correlation coefficient than the regression be-
tween AE33 and legacy Aethalometers. The comparison of a chosen AE33 to legacy25

Aethalometers also shows a larger variation in the regression slope than the compari-
son to the AE33 instruments.

10198

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/7/10179/2014/amtd-7-10179-2014-print.pdf
http://www.atmos-meas-tech-discuss.net/7/10179/2014/amtd-7-10179-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
7, 10179–10220, 2014

The “dual-spot”
Aethalometer

L. Drinovec et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

4 Conclusions

The filter loading effect hinders optical measurements of black carbon performed by
filter photometers. This effect can be analyzed using the BC(ATN) method, where BC
as a function of ATN is analyzed. Measurements at various locations and times of year
show big differences in the filter loading effect. In Aethalometers, the loading of the5

filter spot results in a linear reduction of the instrumental sensitivity. This allows the
determination of the amplitude of the loading effect using attenuation measurements
from two differently loaded spots – a dual-spot approach. A new real-time loading effect
compensation algorithm based on the dual-spot measurements was developed and in-
corporated in the new Aethalometer model AE33. During a winter measurement cam-10

paign in Klagenfurt, Austria, the performance of the new algorithm was compared with
the Aethalometer AE31 measurements, which were compensated using the Weingart-
ner et al. (2003) compensation method. The BC(ATN) analyses of the compensated
data indicate excellent performance of the new algorithm for all 7 measurement wave-
lengths. Improvements in the determination of the spectral dependence of absorption,15

as described by the Ångström exponent, allows for real-time high time resolution source
apportionment by the AE33. The dual-spot compensation algorithm determines the
value of the compensation parameter k with high temporal resolution which indicates
changes in aerosol properties on the daily time scale. As shown during the Klagenfurt
and Leipzig campaigns, the performance of the AE33 compares well with the compen-20

sated filter photometers of older design and provides forward continuity with data from
legacy Aethalometers.

The Supplement related to this article is available online at
doi:10.5194/amtd-7-10179-2014-supplement.
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Table 1. Model equations describing the filter loading effect.

Weingartner et al. (2003) BC = BCNC ·
(( 1

f −1
)
·
(

ln(ATN)−ln(10)
ln(50)−ln(10)

)
+1

)
Virkkula et al. (2007) BC = BCNC · (1+k ·ATN)
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Table 2. Summary of the characterization of the filter loading effects on the data for AE31 and
AE33 (two different filter materials) during the Klagenfurt campaign. (a) Data were analyzed
using the BC (ATN) method yielding the intercept BC0, relative slope of BC (ATN), and the av-

erage value (BC) for non-compensated (nc.) and compensated (comp.) data. Fitting parameters
contain the standard error. (b) The same analysis was performed for the Ångström exponent α,
where α = ln(b470nm/b950nm)/ ln(950/470).

(a)

BC0 – nc. BC – nc. BC – comp. Relative slope Relative slope
Instrument (ng m−3) (ng m−3) (ng m−3) BC (ATN) – nc. BC (ATN) – comp.

AE31 4905±193 4459 4831 −0.0051±0.0017 −0.0006±0.0018
AE33 quartz 4909±86 4379 5015 −0.0053±0.0008 0.0003±0.0008
AE33 TFE 4888±89 4059 4960 −0.0069±0.0007 −0.0003±0.0008

(b)
Relative slope Relative slope

Instrument α0 – nc. α – nc. α – comp. α vs. ATN – nc. α vs. ATN – comp.

AE31 1.22±0.01 1.07 1.29 −0.0025±0.0002 −0.0010±0.0002
AE33 quartz 1.26±0.03 1.09 1.23 −0.0026±0.0001 −0.0002±0.0001
AE33 TFE 1.18±0.02 0.97 1.21 −0.0033±0.0003 0.0009±0.0001
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Table 3. Comparison of the determined parameters for quartz and TFE coated glass fiber
filters in the AE33 (Klagenfurt campaign): k880 obtained from the AE33 compensation algorithm,
relative slope BC (ATN) for the non-compensated data, absorption enhancement factor C and
maximum filter loading Bmax calculated at ATN (880 nm)=50.

Relative slope Maximum Filter loading
k880 BC (ATN) – nc. C Bmax (µg cm−2)

Quartz 0.0054±0.0011 −0.0053±0.0008 2.14 3.5
TFE coated glass 0.0067±0.0014 −0.0069±0.0007 1.57 5.0
TFE/Quartz ratio 1.24±0.51 1.3±0.34 1/1.36 1.43 (unitless)
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Table 4. The slope and r2 of the linear least square regression through the origin of BC mea-
surements from different filter photometers.

slope relative r2 comparison time test duration reference
to AE33 resolution

AE33 1.03 0.99 5 min 2 days ACTRIS (2014)
0.96 1.00 5 min ACTRIS (2014)
1.06 0.99 1 h 30 days USEPA (2014)

AE31 1.05 0.95 5 min 1 day ACTRIS (2014)
0.84 0.94 ACTRIS (2014)
1.02 0.93 ACTRIS (2014)
0.93 0.92 ACTRIS (2014)
1.10 0.91 ACTRIS (2014)
1.13 0.90 ACTRIS (2014)

AE22 0.93 0.92 5 min 1 day ACTRIS, (2014)
1.07 0.99 5 min 2 weeks chamber, this study
0.99 0.93 1 day 3.5 months Maetz et al. (2013)∗

MAAP 0.96 0.98 5 min 3 days ACTRIS (2014)

∗ Maetz et al. (2013) compensated the AE22 data using Virkkula et al. (2007).
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Filter

Mass 

Flowmeter 1

Mass 

Flowmeter 2

LED SOURCE 

Pump

DETECTOR 

Orifice 2Valve 2

Valve 1

Orifice 1 FilterValve 3

Valve 4

Inlet

Outlet

S2 S1 Ref

Figure 1. The AE33 flow diagram. During measurement, the inlet air passes through filter
spots S1 and S2, each with a different flow rate, as set by the orifice 2. Air flow through S1 is
measured by the mass flowmeter 1, flow through S2 is calculated as a difference between the
total flow (flowmeter 2) and flow through S1. The valves are used for routing of air flow during
different modes of operation.
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Figure 2. An example of the analysis of the filter loading effect – BC as a function of ATN.
(a) BC (ATN) plot – a linear least square regression in the ATN range 5–45 was used to fit
the data. The apparent increase in the plot at ATN= 60 is a statistical artefact. (b) Frequency
distribution of the number of measurements per ATN bin. (c) The BC frequency distribution
in the bin 25<ATN< 30. The measurements were performed in Klagenfurt (Austria) from 1–
12 March 2012.
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Figure 3. Comparison of the filter loading effect models. The Weingartner et al. (2003) model
curve (Table 1) was calculated using f = 1.4, for the Virkkula et al. (2007) approach (Table 1)
and the proposed dual spot compensation model (Eq. 6) k = 0.005 was used.
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(c)Figure 4. Comparison of the uncompensated and compensated data from the Klagenfurt cam-
paign: (a) an example for babs time series measured at 370 nm comparing raw data (one spot,
not compensated) and those compensated with the new algorithm for the loading effect; (b) babs
(ATN) analysis of raw and compensated data for the whole campaign Scatter plot shows aver-
age values for each ATN bin (1 ATN unit wide). A linear least square regression was used to fit
the data and obtain the relative slope of babs (ATN).
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Figure 5. Filter loading effect characterization for AE31 using a quartz filter before (raw data)
and after loading effect compensation during the Klagenfurt campaign. The compensation was
performed using the Weingartner et al. (2003) model.
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(c)Figure 6. Filter loading effect characterization in the AE33 using (a) quartz and (b) TFE coated
glass fiber filters during the Klagenfurt campaign. Loading effect compensation was performed
using the real-time dual-spot algorithm. Relative slopes of babs (ATN) are shown for raw and
compensated data for all seven wavelengths.
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Figure 7. Comparison of the average compensation parameter k (λ) obtained by the real-
time compensation algorithm in AE33 for quartz and TFE coated glass fiber filters during the
Klagenfurt campaign.
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Figure 8. Temporal variability of the compensation parameter k during the Klagenfurt cam-
paign.
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Figure 9. Diurnal plots of (a) BC; (b) contribution of biomass burning to total BC; and (c) the
compensation parameter k at 880 nm. The analysis was performed for the workdays during
the Klagenfurt campaign. The central line represents the group median, the vertical boxes
represent data points between the 25th- and 75th-percentiles, the whiskers represent data
points between the 5th- and 95th-percentiles, the square represents the average value.
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Figure 10. The correlation of BC measurements (2 weeks, Klagenfurt, Austria) between the
Aethalometers AE31 (using quartz filter) and AE33 (using TFE coated glass fiber filter), show-
ing 5 min averages of data compensated for the loading effect.
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Figure 11. Regression: AE33 and MAAP measurements of BC. The data were resampled to
5 min.
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