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ABSTRACT
A simple method for correcting for the loading effects of
aethalometer data is presented. The formula BCCORRECTED �
(1 � k � ATN) � BCNONCORRECTED, where ATN is the atten-
uation and BC is black carbon, was used for correcting
aethalometer data obtained from measurements at three
different sites: a subway station in Helsinki, an urban
background measurement station in Helsinki, and a rural
station in Hyytiälä in central Finland. The BC data were
compared with simultaneously measured aerosol volume
concentrations (V). After the correction algorithm, the
BC-to-V ratio remained relatively stable between conse-
quent filter spots, which can be regarded as indirect evi-
dence that the correction algorithm works. The k value
calculated from the outdoor sites had a clear seasonal
cycle that could be explained by darker aerosol in winter
than in summer. When the contribution of BC to the
total aerosol volume was high, the k factor was high and
vice versa. In winter, the k values at all wavelengths were
very close to that obtained from the subway station data.
In summer, the k value was wavelength dependent and
often negative. When the k value is negative, the noncor-
rected BC concentrations overestimated the true concen-
trations.

INTRODUCTION
The origin of black carbon (BC) aerosol is in the incom-
plete combustion of fossil fuels and various types of bio-
mass burning, ranging from small-scale residential wood
combustion to large forest fires. BC aerosols have signifi-
cant adverse health effects and they also play an impor-
tant role in climate forcing because they are the most
important contributor to light absorption by aerosols. BC
is therefore measured in urban, rural, and background
areas worldwide.

The aethalometer1 is probably the most common
method for measuring BC concentrations. In the method,
air is drawn through a filter and the decrease of light
transmission through the sampling area A is measured.
Decreasing transmission leads to increasing attenuation,
ATN � �ln(I/I0), where I0 is the light intensity of the
incoming light and I is the light intensity after passing the
filter. In the aethalometer it is assumed that the ATN
increase is only because of light absorption by BC accu-
mulating on the filter, and BC concentration is therefore
calculated from the rate of change of attenuation:

BC �
�abs

�abs
�

1
�abs

A
Q

�ATN
�t

(1)

where �abs is the particle absorption coefficient, �abs the
mass absorption cross section of BC, and Q is the airflow
rate through the filter. It is well known, however, that the
relationship between ATN change and BC concentration
is not linear.2–6 There are several reasons for this, includ-
ing that both scattering and absorbing particles collected
on the filter alter the internal reflection of the filter in a
way that changes the absorption of the aerosol/filter com-
bination.3,7–9 There are two main consequences: (1) as the
filter gets darker, that is, as ATN increases the measured
BC concentration gets underestimated; and (2) scattering
aerosol gets interpreted as BC. The first of these is the
more important one. These effects may be taken into

IMPLICATIONS
The aethalometer, a commonly used method for measuring
BC concentrations in atmospheric aerosol, calculates the
concentrations from the rate of change of light transmission
through a filter; the faster the filter gets dark, the higher the
BC concentrations are. The instrument software assumes
that the relationship between the BC concentration and the
rate of change of light transmission is linear; however, in
most cases this is not true. The method presented in this
work can easily be used for correcting this nonlinearity. The
method also yields information on the contribution of BC to
the aerosol volume.
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account using empirical correction functions, such as that
derived by Weingartner et al.4 Arnott et al.6 derived a
model-based algorithm for the correction of aethalometer
data. Both of these correction methods take both aerosol
scattering and absorption coefficients into account. In the
new instrument, the Multi-Angle Absorption Photometer
(MAAP), these effects are taken into account already in
the design and an internal algorithm of the instru-
ment.10,11

In this work an alternative correction algorithm is
presented for the aethalometer data. The procedure does
not take scattering into account because many organiza-
tions use the aethalometer in the field without any instru-
ment that measures scattering and such a procedure is
needed. The principle of the algorithm is presented and
then applied to three different datasets: measurements at
a Helsinki city subway station; at an outdoor urban air
measurement station in Helsinki; and at Hyytiälä, a rural
station in a forest in southwestern central Finland.

ALGORITHM
The operation principle of the aethalometer is very close
to that of the Particle Soot Absorption Photometer
(PSAP)3,12 so formulas developed for the PSAP data are
used here. Virkkula et al.12 derived an empirical correction
formula for the PSAP data

�abs (corrected) � �k0 � k1ln(I/I0))�0 � s�SP (2)

where k0, k1, and s are empirically derived constants; �0 is
the noncorrected absorption coefficient, defined essen-
tially the same way as �abs in eq 1; and �SP is the particle
scattering coefficient. Using the definition of ATN above,
eq 2 becomes

�abs (corrected) � �k0 � k1ATN))�0 � s�SP (3)

It is assumed here that the correction function for the
aethalometer data is of the same form. In the aethalom-
eter data files ATN is presented as 100 	 (�ln(I/I0)), so for
simplicity this ATN will be used in the algorithm. It is also
assumed here that the raw BC given by the aethalometer
is correct when the filter is clean, that is, when ATN � 0.
Several aethalometer users do not have a nephelometer in
use and they have no information on �SP, so the algo-
rithm presented here does not have it either. It follows
that for the correction algorithm k0 � 1 and s � 0, there
is only one constant to be found. The corrected absorp-
tion coefficient then becomes

�abs (corrected) � �1 � k � ATN) �abs (noncorrected)

(4)

and the corrected BC concentration is calculated from

BCCORRECTED �
�abs (corrected)

�abs
� �1 � k � ATN
BC0

(5)

where BC0 is the noncorrected BC concentration given by
the aethalometer. This notation will be used in the text
below. Probably the most used operational mode of the
aethalometer is such that it collects the sample on a filter
tape that moves forward when ATN through the spot has
reached a preset limit—in the data to be discussed below
the spot change took place when ATN was approximately
75%—and starts measuring the next spot. A value for the
factor k in eq 5 is calculated for each filter spot so that the
data become continuous, that is,

BCCORRECTED�ti,last
 � BCCORRECTED�ti�1,first
 (6)

where ti,last is the time of the last measurement data for
filter spot i, and ti�1,first is the time of the first measure-
ment data for the next filter spot. Applying eq 5 in eq 6,
we obtain the formula for calculating the factor k for the
filter spot i:

ki �
BC0(ti�1,first) � BC0(ti,last)

ATN�ti,last
 � BC0(ti,last) � ATN�ti�1,first
 � BC0(ti�1,first)

(7)

This is the general form for calculating ki. In typical at-
mospheric conditions this can be somewhat simplified.
Right after the filter spot has been changed the first
ATN � 0 so eq 7 becomes

ki �
1

ATN�ti,last

�BC0�ti�1,first


BC0�ti,last

� 1� (8)

The obtained factor ki is then used for correcting all data
obtained for filter spot i according to eq 5. In practice,
ATN is not exactly 0 even in the first data line unless the
BC concentration equals zero. The BC data have also
noise that is not due to the effect discussed here, i.e.,
instrumental noise or true variation in BC concentrations.
Therefore, in practice the k factors were calculated from
eq 8 using the average BC0 of the last three data of filter
spot i and the first three data of filter spot i � 1 for the
measurements that had a 1-min time resolution and the
average of last two data of filter spot i and the first two
data of filter spot i � 1 for the measurements that had a
5-min time resolution.

In case the aerosol contains significant amounts of
BC, i.e., in exhaust gas or smoke measurements not pre-
sented in this paper, the ATN of the first measurement
data of the new filter spot is already clearly higher than
zero. In this case the assumption that the first ATN � 0,
which was used to obtain eq 8 is not valid and eq 7 has to
be used.

MEASUREMENTS
Three datasets are used for testing the algorithm. First, the
measurements in a Helsinki city subway station are ana-
lyzed in more detail than the other data. The reason is
that these data are the simplest and the time resolution is
the highest so they are the best data for presenting the
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strengths and weaknesses of the method. Next, the algo-
rithm is applied to two different types of atmospheric
aerosols: urban and rural.

The subway measurements were part of a large cam-
paign to evaluate the exposure to particulate matter in the
subway system of Helsinki. The main results of the cam-
paign were presented earlier by Aarnio et al.13 In the
campaign, measurements were carried out at two surface
stations: one ground-level station and in subway cars. In
this paper, the data of the measurements carried out at
the underground subway station of Sörnäinen in the cen-
ter of Helsinki from March 4–18, 2004, are used.

The measurement setup was described in detail by
Aarnio et al.13 so here only a short summary is presented.
The instruments were installed approximately 1 km from
the tunnel entrance, on the roof of a maintenance room,
approximately 4 m above the platform level. The instru-
ments took their sample air through a fine particulate
matter PM2.5 inlet. The measurements included PM2.5

mass monitoring, filter sampling for subsequent chemical
analyses, particle number size distribution measurements,
and BC measurements. The BC data were obtained from a
one-wavelength aethalometer AE-16, manufactured by
Magee Scientific, Berkeley, CA, that uses an light-emitting
diode at � � 880 nm. Particle number size distributions in
the diameter size range 10–500 nm were measured with a
differential mobility particle sizer (DMPS). The time reso-
lution of the BC and DMPS measurements were 1 and 5
min, respectively. The time between the last and first data
points of two consecutive aethalometer filter spots was 6
min. The aethalometer sample flow rate was 4 liters per
minute (LPM). In this paper the DMPS data are used for
calculating aerosol volume concentration, V, in the re-
spective size range.

The same aethalometer was used for measuring out-
door aerosol at an urban background station, SMEAR III
(System for Measuring Forest Ecosystem–Atmosphere
Relationships III) (www.atm.helsinki.fi/SMEAR/), in
Kumpula, Helsinki (60°20N, 24°97E, 26 m above sea
level) in March–September 2006.14 The aethalometer
inlet removed particles larger than 2.5 �m. The site is
located in the campus area of the University of Helsinki
at a distance of 5 km northeast from the center of
Helsinki. The most important local source of BC at this
site is a major road at a distance of 200 m to the east.
The time resolution of the BC data was 5 min, and the
time between the last and first data points of two con-
secutive filter spots was 15 min. Particle size distribu-
tions in the size range 3–950 nm were measured with a
Twin-DMPS system with a 10-min time resolution. In
this paper only the integrated volume size distributions
are used.

A seven-wavelength aethalometer, model AE-31,
operating at wavelengths of 370 nm, 470 nm, 520 nm,
590 nm, 660 nm, 880 nm, and 990 nm, was used at the
Hyytiälä boreal forest ecosystem measurement station,
SMEAR II15,16, from December 2004 through September
2006. The station is located at Hyytiälä, in southern
Finland (61°51N, 24°17E, 170 m above sea level). The
time resolution of the BC data is 5 min, and the time
between the last and first data points of two consecu-
tive filter spots is 15 min. The aethalometer inlet did
not have a specific cutoff diameter. Particle size distri-
butions in the size range 3–500 nm were measured with
a Twin-DMPS system with a 10-min time resolution.16

In this paper only the integrated volume size distribu-
tions are used.
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Figure 1. (a) Noncorrected (BC0) and (b) corrected BC concentrations and aerosol volume concentrations during the whole measurement
campaign in the underground subway tunnel.
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RESULTS AND DISCUSSION
Subway Station Data

The time series of the noncorrected and corrected BC
concentration and aerosol volume concentration, V, mea-
sured during the whole campaign are presented in Figure
1. It is obvious even before any corrections that BC and
volume concentrations follow each other well and that a
significant fraction of the particles consists of BC. The
exact fraction cannot be calculated from these data be-
cause the DMPS measured particles with Dp � 500 nm
and the aethalometer was connected to a PM2.5 inlet.
However, the BC concentrations correlated very weakly
with PM2.5, as the time series presented by Aarnio et al.13

showed. The very good correlation with V and the bad
correlation with PM2.5 indirectly suggest that BC was
mainly in the particle size range Dp � 500 nm. After
March 12, BC and V did not correlate quite as well. The
most probable explanation for this is that the inlet used
by the aethalometer was partially clogged. This was ob-
served when the campaign was over, the inlet was
opened, and a pile of impacted particulate matter was

observed. This will not be pursued further, however, be-
cause for this paper the most significant information in
Figure 1 is that the noncorrected BC concentrations have
clear discontinuities that are not present in the V data,
and that the correction algorithm presented above re-
moves most of this discrepancy. On March 7, the phe-
nomenon was very clear so this day is analyzed in more
detail.

The time series of the noncorrected and corrected BC
concentrations, ATN, and V, measured on March 7 are
presented in Figure 2. The noise in BC concentration after
6:00 a.m. is due to the start of the subway ventilation
system, the regular train traffic, and the resulting air tur-
bulence in the tunnel. Panel (a) clearly shows how the
noncorrected BC concentration starts decreasing immedi-
ately after each filter spot change. Panel (b) shows that the
BC concentrations at the start of each filter spot well
follow the aerosol volume concentration but not later
when ATN has increased. Panel (c) shows that after using
the above algorithm the corrected BC follows V very
closely over the whole period, including periods with
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Figure 2. Subway tunnel aethalometer and DMPS data on March 7, 2004. (a) Noncorrected BC concentrations and aerosol volume
concentrations, (b) noncorrected BC concentrations (BC0) and attenuation, (c) corrected BC concentrations and aerosol volume concentrations,
and (d) ratio of noncorrected and corrected BC concentrations to aerosol volume concentrations.
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higher ATN, and that the BC fraction of V does not vary
significantly. The BC-to-V ratio plotted in (d) varied sig-
nificantly for each spot when the noncorrected BC was
used in the ratio but not when the corrected BC was used.
A scatter plot of BC versus V for that day (Figure 3) shows
that the squared correlation coefficient R2 was signifi-
cantly improved, from 0.88 to 0.97, after applying the
correction algorithm. For the data taken before March 12
there was some improvement of R2 (Figure 3) but after
that the correlation was weak. An explanation for this is
that after March 12 the inlet was probably clogged, as
explained above.

Another reason that the correlation of BC and V
was not improved as much for the whole dataset as for
the 1-day period, March 7, is that there were periods
when concentrations varied rapidly and the algorithm
for deriving k did not work well. A good example of this
is the early morning of March 8 (Figure 4). At 1:15 a.m.,
a diesel-powered service train passed the station and
both V and BC concentrations rapidly increased ap-
proximately 10-fold. The usual discontinuities in the
BC data are obvious in Figure 4a. At 1:41 a.m. the
aethalometer changed the filter spot and the measure-
ment continued at 1:47 a.m. In Figure 4b the BC data
were corrected with eq 5 using two values for the factor
k: (1) the k obtained from the usual algorithm that

combines the data so that it matches the last measure-
ment data point of the spot that was finished at 1:41
a.m. with the first measurement data point of the spot
that was started at 1:47 a.m. (f(ki)) 	 BC0), and (2) the
k that was averaged over all k values from the whole
measurement period (f(kave) 	 BC0). In case 1, the con-
stant BC concentration over the spot change is unreal-
istic, on the basis of the observed smooth decrease of V
at a rate of approximately 2.4%/min after the maxi-
mum V was reached. It is also most probable that the
BC concentrations decreased smoothly after the maxi-
mum was reached. When the correction was done using
the average k the rate of the BC decrease was approxi-
mately 2.9%/min, close to that of the rate of V decrease,
suggesting that during rapidly changing concentrations
the use of average k gives a more reasonable correction
than the individual k values. The BC-to-V ratio varied
much more during this episode than normally, first
decreasing to approximately 0.2 and then rising to
�0.6, both with and without the BC correction (Figure
4c). The data are not sufficient for explaining the reason
for this variation. However, the main message of this
figure is that the BC-to-V ratio is not in all cases a good
criterion for evaluating the procedure.

In the whole period the average standard deviation of
k was 0.0051 � 0.0023. Most of the time it did not vary
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Figure 3. (a) Noncorrected and (b) corrected BC concentration vs. aerosol volume concentration at the subway station on March 7, 2004. (c)
Noncorrected and (d) corrected BC concentration vs. aerosol volume concentration during the whole campaign.

Virkkula et al.

1218 Journal of the Air & Waste Management Association Volume 57 October 2007



much from spot to spot but there were some clear devia-
tions (Figure 5). Of the k values, 2.5% were less than 0.
The negative values were all associated with rapidly de-
creasing concentrations. During rapidly increasing con-
centrations the k factor became greater than 0.01. In these
extreme values the forcing of the concentrations to be the
same before and after the spot change leads very probably
to erroneous concentrations. The factor k varied more at
low BC concentrations but there was no clear differences
in the average values at low and high BC concentrations
(Figure 6).

Outdoor Station Data
The algorithm was applied to the data from SMEAR II
(Hyytiälä) and SMEAR III (Helsinki). The factor k was
calculated for each spot change but to remove the highest
and lowest values associated with rapid concentration
changes, a running median of eight consecutive spot
changes was used. The long time series from the Hyytiälä
station reveals that there is a clear and strong seasonal
variation of k (Figure 7). It can be observed also in the
urban station data although the time series is shorter.

The interesting and important point in the time se-
ries is that the k values become clearly negative in sum-
mer. When the subway station data were discussed above,
it was stated that the negative values were associated with
rapidly decreasing concentrations. However, in the out-
door aerosol data even the monthly average k values
become negative in summer (Figure 7), so this is indicat-
ing something else. From eq 5 it is obvious that negative
k implies that the noncorrected BC overestimate the BC
concentrations. When plotted against BC-to-V ratios, it is
obvious that the k factor depends clearly on the contri-
bution of BC to the total aerosol volume, so that at low
BC-to-V ratios k is negative and at high ratios it is positive
(Figure 8). This can be explained by the response of the
aethalometer to scattering aerosol, as discussed by Wein-
gartner et al.4 and Arnott et al.6 In summer, the contribu-
tion of BC to aerosol mass is smaller than in winter, which
means that the contribution of scattering aerosol to total
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aerosol mass is higher in summer at these sites. In winter,
the concentration and the contribution of BC to aerosol
mass concentration is in general higher than in summer.
The reasons include higher energy production by various
combustion processes in winter and higher contribution
of biogenic aerosol in summer.

In winter, the k factor at Hyytiälä did not depend
significantly on wavelength (Figure 9). It is worth notic-
ing that in winter the average standard deviation of k of
all wavelengths was 0.0053 � 0.0021. This is practically

the same as the one derived from the subway station data
above and the average k from the urban station in winter
(Table 1). Contrary to winter data, k varied strongly with
wavelength in summer (Figure 9). The average k at � �
370 nm was 0.0059 � 0.0007 in winter and only slightly
lower (0.0030 � 0.0011) in summer, whereas for the � �
950 nm data, the respective values were 0.0055 � 0.0031
and �0.0051 � 0.0028. The explanation for this wave-
length-dependent seasonal variation requires further
analyses of aerosol chemical composition and optical
properties, which is out of the scope of the present paper.

CONCLUSIONS
Most aethalometer users have observed that the apparent
BC concentrations rise after the filter spot has been
changed. In this work it is assumed that the first values
after the spot change are closest to the real concentra-
tions, i.e., the values measured when the filter is cleanest
and ATN � 0. The formula BCCORRECTED � (1 �
k � ATN) � BCNONCORRECTED was used for correcting aetha-
lometer data and a value for the factor k was calculated for
each filter spot so that the data became continuous over
the spot change. There was no independent absorption
standard in use so we cannot really prove that the algo-
rithm makes a true correction. However, it is a realistic
assumption that the BC fraction of the total aerosol vol-
ume concentration V does not change significantly after

-0.015

-0.010

-0.005

0.000

0.005

0.010

0.015

Dec/04 Mar/05 Jun/05 Sep/05 Dec/05 Mar/06 Jun/06 Sep/06

k 
(8

8
0

 n
m

)

HY, Running median
HY, Monthly average
HE, Monthly average

Figure 7. The factor k at � � 880 nm at a rural station (HY, Hyytiälä) and at an urban station (HE, Helsinki). For the Hyytiälä data the
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each filter spot change. Thus, the fact that after the cor-
rection algorithm the BC-to-V ratio remained relatively
stable between consequent filter spots can be regarded as
indirect evidence that the correction algorithm works.

The original idea for the method was obtained from
the similarities of the PSAP and the aethalometer; there-
fore, it is worth comparing the average factor k with the
corresponding factor for the PSAP. Virkkula et al.12 ob-
tained the average correction function f(I/I0) � 0.31 �
0.53 ln(I/I0) for laboratory-produced black aerosol for a
3-wavelength PSAP. Noting that in the aethalometer data
ATN is presented as 100 	 (�ln(I/I0)) the above PSAP
function becomes f(ATN) � 0.31 � 0.0053 ATN. The fac-
tor 0.0053 that determines the dependence on ATN is
essentially the same as the k obtained here from the metro
tunnel data and from the average winter data from both
the urban and the rural stations. Taking into account that
the instruments use different filter materials this is an
interesting observation emphasizing the similarities of
methods that derive absorption coefficient from transmit-
tance changes.

The main problem in the application of the algo-
rithm is that the aethalometer has a calibration period
after each filter tape move and it draws air through the
filter spot even before measurement data are saved. This
has two effects for the application of the algorithm.
First, at high BC concentrations the spot gets dark even
before the measurements start and there are no data
with ATN � 0. This applies especially to the multiwave-
length aethalometers because during the calibration
period there is typically a break of approximately 20
min between the last measurement before the spot
change and the first measurement after the change.
Another problem in the algorithm is that it is assumed
that the concentration does not vary much during the
calibration period so it only works when the BC con-
centration remains reasonably stable. Fast concentra-
tion variations lead to unrealistic k values. For instance,
if the true BC concentration is clearly higher just before
the spot change, then after it the derived k becomes
negative. During rapidly changing concentrations the
use of average k gives a more reasonable correction than
the individual k values.

More significant variations in k were observed in a
long time series from a rural station, even though the data
were cleaned of the values associated with rapidly chang-
ing concentrations. A clear seasonal variation of k was
observed so that in winter the values were positive and
very close to those obtained from the measurements in

the metro tunnel and in summer they were lower and
even negative for some wavelengths. Negative k values
imply that the noncorrected BC values overestimate the
true BC values.

Some of the variation of k could probably be ex-
plained by variations in the size distributions of the
light absorbing particles. The mass absorption effi-
ciency is a function of particle size and the BC data were
all calculated with constant mass absorption efficien-
cies. It is probable that this is not the most significant
explanation, though. For the PSAP it was observed that
the factor k1 varied with the single-scattering albedo (�0

� scattering/extinction) of the aerosol.12 It is most
probable that this is the case also for the aethalometer,
so variation in �0 is a very likely explanation for the
seasonal variation of the k factor obtained in this work.
This is in agreement with the observed positive rela-
tionship between the k factor and BC-to-V ratio. At high
BC-to-V ratios �0 is lower than at low ratios. Therefore
a very interesting consequence of the method is that
the aethalometer has the potential to yield information
on not only BC concentrations but probably also on
single-scattering albedo. To assess how quantitative the
relationship between k and �0 can be, measurements
should be conducted together with a nephelometer and
some standard absorption method, such as a photo-
acoustic instrument or an extinction cell.

Even though the method presented here reduces the
saw-like variations of BC concentrations over the filter
spot changes, an important factor is missing: subtraction
of the scattering coefficient, if it is available. The way this
can be incorporated in the algorithm in a simple way
must be investigated. The method in this paper was de-
signed for correcting aethalometer data in case scattering
coefficient data are not available, like in the measure-
ments analyzed here, so this effect was not discussed
further. However, the work required for the evaluation of
the method includes a quantitative comparison with pre-
viously presented methods that do take this effect into
account.4,6
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Table 1. The average (� standard deviation) factor k at the three measurement sites.

370 nm 470 nm 521 nm 590 nm 660 nm 880 nm 950 nm

HY, WI 0.0059 � 0.0007 0.0052 � 0.0012 0.0054 � 0.0012 0.0061 � 0.0013 0.0047 � 0.0021 0.0043 � 0.0032 0.0055 � 0.0031
HY, SU 0.0030 � 0.0011 0.0006 � 0.0015 0.0006 � 0.0015 0.0008 � 0.0013 �0.0024 � 0.0020 �0.0056 � 0.0030 �0.0051 � 0.0028
HE, WI 0.0054 � 0.0018
HE, SU 0.0007 � 0.0031
METRO 0.0051 � 0.0023

Notes: HY � Hyytiälä; HE � Helsinki; METRO � the subway station. The Hyytiälä and Helsinki data were averaged over the winter (WI � November–April) and
summer (SU � June–August) months.
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Hyytiälä, Finland; Boreal Environ. Res. 2005, 10, 323-336.

About the Authors
Aki Virkkula is a senior research scientist, Timo Mäkelä is a
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