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Abstract

Absorption Ångstrom exponents (AAE) calculated from filter-based absorption mea-
surements are often used to give information on the origin of the ambient aerosol, for
example to distinguish between urban pollution and biomass burning aerosol. Filter-
based absorption measurements are a widely used method and are commonly used at5

aerosol monitoring stations globally. Several correction algorithms are used to account
for the artifacts associated with filter-based absorption techniques. These algorithms
are of profound importance when determining the absolute amount of absorption by
the aerosol. However, this study shows that there are significant differences between
the AAEs calculated from these corrections. The study also shows that the difference10

between AAEs calculated using different corrections can lead to conflicting conclusions
on the type of aerosol for the same data set. In this work the AAEs were calculated from
data measured with a three-wavelength Particle Soot Absorption Photometer (PSAP)
at Elandsfontein on deployed on the South African Highveld for 23 months. The sam-
ple air of the PSAP was diluted to prolong filter change intervals. The dilution-corrected15

PSAP showed a good agreement with a non-diluted MAAP. Thus, the study also shows
that the applicability of the PSAP can be extended to remote sites are not often visited
or suffer from high levels of pollution.

1 Introduction

Atmospheric aerosols form part of the climatic system of the Earth. Aerosol light scat-20

tering, absorption, or both, will reduce solar insolation at the surface and alter the
radiative transfer through the atmosphere. This is called the “direct radiative effect” of
aerosols (Haywood and Boucher, 2000; Lohmann and Feichter, 2005). A strong light
absorbing particle specie is black carbon (BC) which is a byproduct of incomplete com-
bustion processes. A study by Bond et al. (2013) concluded that BC is the second most25

important positive radiative forcer. In this study, the term BC will be used according to
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the definition by Bond et al. (2013), i.e. a material with specific properties. BC parti-
cles are made of spherules of mostly pure carbon that form aggregates. They absorb
solar radiation with a weak spectral selectivity and are therefore black by appearance
(Kirchstetter et al., 2004; Andreae and Gelencser, 2006). However, not all light ab-
sorbing particles are black by appearance. Certain organic carbon (OC) containing5

aerosols have been shown to exhibit a spectral selectivity that exceeds that of BC par-
ticles. These particles are called brown carbon (BrC) since they appear brownish to the
eye and strongly absorbs light at shorter wavelengths. BrC is a known constituent of
biomass burning aerosol (Kirchstetter et al., 2004). In addition, desert dust is a major
constituent of total suspended particle mass also absorbs light at short wavelengths.10

The extent to which light interacts with aerosol particles can be expressed by the
scattering coefficient (σSP), absorption coefficient (σAP), and the extinction coefficient
σEP. The spectral dependency light interaction can be described by the Ångström ex-
ponent (AE). By convention, AE is the negative slope of the wavelength dependency of
the above coefficients in logarithmic space15

ln(σi (λi )) = −AEln(λi )+C, (1)

where σi is the scattering, absorption or extinction coefficient at wavelength λi . When
substituting σi with σAP in Eq. (1), AE will represent the light absorption Ångström
exponent (AAE). Thus, AAE describes the spectral dependence of light absorption by20

the aerosol. The work by Moosmüller et al. (2011) provides a more in-depth view of its
definition. When σi is the substituted with σSP, AE becomes the scattering Ångström
exponent (SAE).

The wavelength dependency of light scattering and absorption is not only of climatic
importance, but can also provide additional information on the aerosol size distribution25

and chemical composition (Bergstrom et al., 2007; Kirchstetter and Thatcher, 2012;
Moosmüller et al., 2011; Schuster et al., 2006). Therefore the AAE of the aerosol can
be used to differentiate between different sources of aerosols, due to the differences in
chemical composition that has an influence on aerosol light absorption properties (e.g.
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Andreae and Gelencser, 2006; Hoffer et al., 2006; Kirchstetter and Thatcher, 2012;
Kirchstetter et al., 2004). The chemical composition of the absorbing aerosol does not
exclusively determine the AAE, since a non or weakly absorbing coating can change
the AAE of the aerosol (Gyawali et al., 2009; Lack and Cappa, 2010). However, AAEs
have been used to distinguish between urban air pollution from biomass smoke (Clarke5

et al., 2007) and mineral dust events (Collaud Coen et al., 2004; Petzold et al., 2009).
The spectral selectivity of absorption has also been used to estimate the contribution
of absorption by OC in the aerosol (Kirchstetter and Thatcher, 2012).

Filter-based absorption measurement techniques are suitable for unattended use
and are therefore widely used for measuring σAP and AAE of the aerosol. However,10

filter-based absorption measurements suffer from undesired and inevitable interaction
between the deposited sample and the optical characteristics of the filter (Collaud Coen
et al., 2010). These artifacts constantly change as a pristine filter gradually becomes
so aerosol-laden and has to be changed.

Collimated light incident on the filter is subject to multiple scattering by the fibres in15

the filter. Consequently, the degree of collimation decreases as light penetrates into the
filter. Therefore, the optical path length through the filter will increase and thus enhance
light absorption by the sample embedded in the filter. The deposition of light scatter-
ing aerosols can also increase the optical path of the filter, and further enhance light
absorption by the sample. In contrast, light absorbing particles will reduce the optical20

path length. Light absorbing aerosol particles are primarily responsible for the reduc-
tion of light transmittance through the filter. Several studies have focused on minimising
these artifacts empirically with correction algorithms or correction functions (e.g. Bond
et al., 1999; Collaud Coen et al., 2010; Müller et al., 2013; Ogren, 2010; Petzold and
Schönlinner, 2004; Virkkula et al., 2005). An essential part of these corrections is to25

compensate for the influence of the filter on the deposited sample that changes with
the filter transmittance (Tr), which is referred to as the filter loading correction function
f (Tr).
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The need to use a filter loading correction function is well established. However, the
influence of correction algorithms on the AAE has not been evaluated. The main ob-
jective of this study is to evaluate uncertainties involved with calculating AAE from σAP
measured with filter-based measurement techniques that depend on correction algo-
rithms. These uncertainties will also impinge on the assessment of the contribution of5

organics to light absorption. This study will focus specifically on the correction func-
tions used for the Particle Soot Absorption Photometer (PSAP). Data gathered on the
central Highveld in Sout Africa during the EUCAARI project (Laakso et al., 2012) was
utilised. In addition to the primary objective of this study, the performance of a dilution
setup used for the PSAP to prolong filter change time will be evaluated by comparing10

the diluted PSAP with a non-diluted Multi-Angle Absorption Photometer (MAAP).

2 Methods and measurements

2.1 Measurement site

The data used in this study comprise 23 months of measurements conducted at
Elandsfontein on the central Highveld in South Africa from February 2009 to Jan-15

uary 2011. A study by Laakso et al. (2012) already provides a comprehensive overview
of the site; hence the description of the site is brief.

Figure 1 depicts the location of the Elandsfontein measurement station (26◦14′43′′ S,
29◦25′30′′ E). The station is located on the South African Highveld, which is an in-
land plateau that covers approximately 30 % of the surface area of South Africa. The20

site was located 1750 m above mean sea level (a.m.s.l.), with surrounding areas that
range from 1400 to 1600 m a.m.s.l. (Laakso et al., 2012). Elandsfontein is within the
Mpumalanga Province with a variety of industrial activities, which include 9 coal-fired
power plants, a petrochemical plant and various pyrometallurgical smelters. In addi-
tion, other anthropogenic sources include trafific emissions and domestic combustion25

for heating and cooking. The densely populated Gauteng Province is located west of
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Elandsfontein where the Johannesburg and Pretoria conurbation is situated (∼ 140 km
from Elandsfontein), as well as other industrial regions. A more detailed description
of the site and a synopsis of meteorological conditions are presented by Laakso
et al. (2012), and references therein.

2.2 Instruments5

The instruments were connected to a Rupprecht & Patashnick PM10 inlet and the sam-
ple aerosol was dried using a self regenerating Silica gel drier (Tuch et al., 2009). In
addition to the 3λ PSAP (Radiance Research, Seattle) and the MAAP (Model 5012,
Thermo Scientific), a three-wavelength Nephelometer (Aurora 3000, Ecotech) was
used to measure σSP. All measurements were converted to STP conditions (0 ◦C and10

1013 hPa). The scattering coefficients were additionally corrected for truncation ac-
cording to Müller et al. (2011a) and interpolated to the PSAP wavelengths.

The PSAP filters are changed manually and this should be done before they get too
heavily loaded. At background sites this is not a problem but at polluted sites such as
Elandsfontein the filters may have to be changed several times a day. Due to logisti-15

cal reasons, the sample flow was diluted using the setup depicted in Fig. 2 to prolong
the need to change filters. The dilution was arranged by mixing the sample air flow
with clean, filtered air. The flow made a loop from a Thomas membrane pump through
a flow fluctuation dampening chamber to an absolute filter, to a mixing tube and back
to the pump. The dilution flow was tracked by measuring the pressure drop over a con-20

striction in the dilution loop. The flow rates of the dilution loop were checked manually
on a regular basis.
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2.3 Calculation methods

2.3.1 Preprocessing

The basics of the filter-based absorption measurements are straightforward whereas
the samples interactions with the filter matrix are not (Müller et al., 2013). Aerosol
particles in a known volume of air deposits onto a fibre filter as the sample passes5

through the filter. The deposition of particles onto the filter-matrix will decrease the
transmittance of light through the filter. Beer’s law states that the attenuation of light
in a medium will decrease exponentially from the initial intensity (I0) to the transmitted
intensity (It) in a given path length. By choosing I0 as the intensity transmitted by a pris-
tine filter, the interaction with light by the filter itself will initially be avoided. Thus, the10

change in the transmittance yields the uncorrected absorption coefficient (σ0) of the
deposited aerosol. For subsequent measurements, σ0 can be written as

σ0 =
A

Q ·∆t
ln
( It−∆t

It

)
. (2)

In Eq. (2), the sample spot size (A), sample flow rate (Q), and the time elapsed ∆t15

represents the length of the sample-air column drawn through the filter. A more de-
tailed derivation of the equation has been derived, e.g., by Weingartner et al. (2003).
There are several assumptions associated with Eq. (2), as pointed out by Moosmüller
et al. (2009), which will result in artifacts. The correction for inherent systematic errors,
such as spot size correction and flow calibration, should be done on σ0; not at a later20

stage in the data post processing. The studies by Bond et al. (1999) and Ogren (2010)
describe how to correct for systematic errors in more detail. In this work σ0 was cal-
culated from the PSAP raw data by integrating the signal and reference counts over
one hour periods and not by averaging the 1 s absorption coefficients calculated by the
instrument itself. This results in clearly lower noise and detection limits, as pointed out25

by Springston and Sedlacek (2007).
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At this step the calculated σ0 was that after the dilution, here σ0,DIL. The relationship
between the σ0,DIL and the actual absorption coefficient of the sample (σ0,S) entering
the mixing tube prior to dilution is

σ0,S = σ0,DIL

(
1+

QDIL

QS

)
, (3)

5

where QDIL is the dilution flow and QS is the sample flow into the mixing tube. For
clarity, the subscripts used in Eq. (3) are explicitly expressed here. If not explicitly stated
otherwise then σ0 refers to σ0,S.

The noise of σ0,S the can be estimated using the propagation of uncertainty as fol-
lows.10

δσ0,S =

√√√√∑
i

(∂σ0,S

∂xi

)
δx2

i (4)

The relative uncertainty of δσ0/σDIL can then be written, after some rearrangements,
in terms of the QDIL and QS, and their uncertainties (δQDIL and δQS) as follows

δσ0,S

σ0,S
=

QDIL

QS +QDIL

√(
δQDIL

QDIL

)2

+
(
δQS

QS

)2

, (5)15

given that the uncertainty of the diluted sample (δσ0,DIL) is insignificant in comparison
to δQDIL and δQS. For a integration time of one hour, used in the this, this certainly
holds true since δσ0,DIL is many orders of magnitude lower than the uncertainties of
the dilution flows. Springston and Sedlacek (2007) gives the equation for δσ0,DIL as20

10(−0.60–1.31·log(∆t)).
The relative uncertainty using Eq. (5) was estimated to be ∼ 0.039, using the follow-

ing values (in litres per minute): QDIL =10, QS =0.70, δQDIL =0.3, and δQS =0.02. The
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respective values represent the flow rates (QDIL and QS) and their standard deviation
(δQDIL and δQS) calculated from the data set.

The dilution flow of the system was tracked by measuring the pressure drop over
a constriction in the dilution loop and flows were checked manually on a regular basis.
Data associated with significant deviations or fluctuations from the desired QDIL value5

were omitted.

2.3.2 Absorption coefficients and Ångström exponents

The actual absorption coefficient σAP is calculated by combining σ0 with the scattering
coefficients obtained from the nephelometer. There exist two widely used correction
methods: the function originally presented by Bond et al. (1999) and the algorithm pre-10

sented by Virkkula et al. (2005). These two will be used in the present paper. The con-
strained two-stream (CTS) radiative transfer algorithm presented by Müller et al. (2013)
was not applied in this work.

The purpose of the correction algorithms are to compensate for interactions between
the deposited sample onto the filter and the filter matrix. The method presented by15

Bond et al. (1999) was further clarified in the study by Ogren (2010). The correction
functions of Bond et al. (1999) and Ogren (2010) (hereafter O2010) can be written as

σAP = f (Tr)σ0 − s ·σSP. (6)

were σAP is the corrected light absorption coefficient. The subtraction on the right hand20

side of the equation is the fraction s of light scattering coefficients (σSP) interpreted
as absorption by the instrument; also called apparent absorption. The O2010 f (Tr)
function is calculated with the equation

f (Tr) = (ka Tr+kb)−1. (7)
25

The O2010 correction function has been characterised in the transmittance range of
0.7–1.0 (Bond et al., 1999).
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Virkkula et al. (2005), hereafter refered to as V2010 due to a erratum by Virkkula
(2010), modified the single wavelength PSAP to measure light absorption coefficients
at three wavelengths (467, 530 and 660 nm). The V2010 algorithm differs from that of
O2010 since it also takes the single-scattering albedo (SSA=σSP/(σSP +σAP)) of the
aerosol into account and uses a logarithmic loading correction function, which is5

f (Tr) = k0 +k1(h0 +h1SSA) ln(Tr). (8)

The constants (k0 and h0) and coefficients (k1 and h1) in Eq. (8) are different for each of
the instruments wavelength (Virkkula, 2010) but also average values of all wavelengths
were reported which is also included in the analysis (hereafter V2010avg). The study10

also reported different values for s in Eq. (6) for the different wavelengths. In the second
term on the right hand side of Eq. (8), h0 and h1 corrects for the cross-dependency be-
tween k1 and SSA. Explicitly, the multiple scattering correction, inherently included in
the function f (Tr), depends on the SSA of the aerosol and the filter transmittance in the
algorithm. The filter transmittance range of the V2010 correction was characterised in15

the range of 0.4–1.0 and thus the V2010 correction is defined for a wider filter transmit-
tance range than the O2010. After calculating the absorption coefficients at the three
PSAP wavelengths with the different methods the AAE was calculated both for σAP and
σ0 using Eq. (1).

In addition, AAE was also calculated from transmittances at the three PSAP wave-20

lengths. The attenuation of light in the filter (ATN) was first calculated as

ATN(λ) = −100ln(Tr(λ)). (9)

Next AAE of ATN was calculated using Eq. (1) by substituting σi (λ) with ATN(λ). This
was done to make the analyses as comparable as possible with the studies of Kirchstet-25

ter and Thatcher (2012) who took filter samples and analysed them using spectrom-
eters in transmission mode to determine the AAE from ATN(λ). The AAE calculated
from ATN are profoundly different since the ATN is not measured incrementally, as is
the case for σ0 and σAP. The AAE of ATN at a certain Tr is the result of all deposited
particles onto the filter prior to a specific Tr value.30
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2.3.3 Estimation of the contribution of OC to absorption

AAEs can also be used to estimate the contribution of OC to aerosol light absorption
(Kirchstetter and Thatcher, 2012). Light absorption by OC occurs at the lower end of the
visible spectrum and in the UV-spectrum (Kirchstetter and Thatcher, 2012; Schnaiter
et al., 2006). Since OC absorbs predominantly at short wavelengths the presence of5

OC will increase the AAE. BC, on the other hand, here attributed a AAE of of unity.
By attributing all light absorption at 660 nm to BC one can extrapolate the absorption
of BC to shorter wavelengths using the AAE of BC. The absorption of OC is then
the difference between the measured absorption and the contribution to absorption
absorption by BC as defined above. The work by Kirchstetter and Thatcher (2012)10

gives the equation for the contribution of OC to ATN (ATNOC) as follows

ATNOC(λ) = ATN(λ,AE)−ATNBC(λ,AE = 1). (10)

The same approach can further be extended to include σap values derived from the
correction algorithms. Equation (10) then becomes15

σAP,OC(λ) = σAP(λ,AAE)−σAP,BC(λ,AAE = 1), (11)

where σAP,OC stands for the amount of light absorption by OC after subtracting the
contribution to light absorption by BC (σAP,BC) with a AAE=1.

The fraction of filter attenuation due to OC at different wavelengths was then calcu-20

lated using Eq. (11a)

fOC(ATN) =
ATNOC(λ)

ATN(λ)
(12a)

fOC(abs) =
σap,OC(λ)

σap(λ)
(12b)

as given by Kirchstetter and Thatcher (2012). To extend this approach to light absorp-25

tion measurements using the different correction algorithms ATNOC in Eq. (11) was
substituted with σAP,OC and ATN with σAP resulting in Eq. (12b).
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2.3.4 MAAP data processing

The MAAP was used in the study as a reference to the diluted PSAP. However, the
MAAP cannot be considered to be a true reference because it is also a filter-based
measurement technique. The reference instrument should ideally retrieve light absorp-
tion coefficient from suspended particles, such as scattering minus extinction or pho-5

toacoustic light-absorption measurements (e.g., Lack et al., 2006). However, these in-
struments were not available in the present study. The MAAP is a single wavelength in-
strument (637 nm, Müller et al., 2011b) which uses a different approach to compensate
for the artifacts associated with filter-based absorption methods (Petzold et al., 2005;
Petzold and Schönlinner 2004). Furthermore, the instrument differs from the PSAP be-10

cause it changes filters automatically using a filter tape. The output of the instrument is
equivalent black carbon (BCe). This was converted back to σAP from

σAP = MAC ·BCe, (13)

using mass absorption cross seciton of 6.6 m2 g−1. A recent study by Hyvärinen15

et al. (2013) showed that the MAAP exhibits a filter change artefact at high BCe concen-
trations. The occurrence of the artefact depends on the rate of accumulation of BCe on
the filter tape and thus decreasing MAAP sample flow rate will decrease the number of
filter change artefacts in MAAP. At Elandsfontein the MAAP was operated at a 10 LPM
flow rate. These periods were corrected according to the Hyvärinen et al. (2013) algo-20

rithm which lead to a change of −0.6 ‰ in σAP for all the data.

3 Results and discussion

3.1 Comparing the diluted PSAP with the non-diluted MAAP

The performance of the diluted PSAP was evaluated by comparison to the MAAP. The
PSAP data were interpolated to the MAAP wavelength 637 nm by using the AAEs25
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obtained from the different algorithms. The respective relationships are shown in Fig. 3.
The figure is based on PSAP data with a filter transmittance range of 0.7–1.0 (upper
panel) and 0.4–0.7 (lower panel) for the V2010 and V2010avg correction algorithms,
and the O2010 correction function. In the data set, 36 % of the data were in the Tr of
0.4–0.7 and 52 % in the range of 0.7–1.0. The average filter change interval during the5

measurement period was 10 days that amounted to a total of 70 filter changes. On
average, Tr had decreased to 0.54 (ranging from a maxima Tr of 0.99 to a minima of
0.21) before it was changed. The dilution factor (1+DDIL/QS) directly affects how often
the filter needs to be changed. Thus, over 1000 filter changes could be reduced to 70
by diluting the sample.10

The colour scale in the Fig. 3 represents the number of data points at a given grid
point. Since both instruments are associated with uncertainties, the linear regression
shown in the figure was calculated using the bivariate method of Williamson–York
(Cantrell, 2008; York et al., 2004). The data was weighted by the inverse value of the
maximum value of each data pair. The maximum value of the data points was chosen15

for weighing because the signal needs to be weighed, not the noise. Thus, large values
are given a lower weight which otherwise tend to dictate the slope of the regression.
Figure 3 shows that the MAAP consistently showed higher σAP values than the PSAP in
the Tr range of 0.7–1.0 (upper panel). The slopes (and standard deviation) of the linear
regression for that Tr range are 0.83 (±0.28), 0.92 (±0.30), and 0.90 (±0.30) for the20

V2010, O2010 and V2010avg fits. In the Tr range of 0.4–0.7 (lower panel) the slopes
are 0.95 (±0.35), 0.94 (±0.29), and 1.02 (±0.29) for the V2010, O2010 and V2010avg
fits. The standard deviations (std) were calculated from the standard error (se) of the
fits as std= se ·

√
n.

The coefficients of determination (R2) for the different corrections in comparison to25

the MAAP were, in the Tr range of 0.7–1.0, 0.89, 0.90 and 0.89 for the V2010, O2010,
and V2010avg corrections. For the Tr range of 0.4–0.7, R2 did not significantly change
in comparison to the Tr range of 0.7–1.0. In the lower Tr range of 0.4–0.7 the R2 values
were 0.87 (V2010), 0.91 (O2010), and 0.86 (V2010avg).
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Because the filter transmission correction functions differ, the σAP values should also
be different. The difference should be a function of Tr. The values calculated using the
V2010, V2010avg, and O2010 corrections were compared to the values measured with
the MAAP (Fig. 4a), at 637 nm wavelength. It is evident that the V2010 correction gave
lower values than the O2010 correction in the Tr range of 0.6–1.0. When Tr dropped5

below 0.6, the relationship was opposite which is in agreement with Virkkula (2010).
The V2010avg and O2010 corrections yielded similar values at high Tr values which
also contained the most number of data points (Fig. 4b). Figure 4a is in agreement
with the regression slopes presented in Fig. 3. In the Tr range of 0.7–1.0, in Fig. 4a, the
σAP values calculated using the V2010 correction are below the O2010 and V2010avg10

curves. This is reflected in the slope of the regression in the upper panel of Fig. 3. At
a Tr of 0.6 there is a crossover between the V2010 correction yielding lower values
than the O2010. Below a Tr of 0.6 the V2010 correction yielded higher values than the
O2010 correction. For the whole Tr range of 0.4–0.7 both the V2010 and O2010 similar
slope which is due to the crossover between the corrections at a Tr of 0.6.15

3.2 Correction algorithms impact AAE

The difference between the correction algorithms was investigated further by calculat-
ing the AAEs of the aerosol using different corrections algorithms for the same data set.
The analysis showed that the use of different corrections algorithms yield very different
AAEs. Figure 5 presents the average AAE as a function of Tr for the V2010, V2010avg20

correction algorithms and for the O2010 correction function. Furthermore, σ0 was in-
cluded in the figure as a reference, which represents the AAE without any correction
applied.

Figure 5 shows data from the Elandsfontein site and for a comparison AAEs cal-
culated from PSAP data measured in a very different environment, the New England25

Air Quality Study (NEAQS) onboard the NOAA research ship Ronald Brown during Jul
and Aug of 2002, off the east coast of the United States. The NEAQS data are those
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presented by Virkkula et al. (2005) but here the AAEs were calculated with the V2010
values for the respective corrections.

There are common features in the two data sets. First, Fig. 5a and b depict that
the AAE is largely dependent on the correction used. Second, the AAE is, however to
a lesser extent, dependent on Tr, and to which degree seems to depend on the type5

of aerosol. Also shown in Fig. 5 is the AAE calculated from the wavelength-dependent
ATN (Eq. 9). The filter correction algorithms and functions aim to compensate for the
pre-deposited aerosol and incrementally derive the light absorption. This is argued to
be the reason for the different shape of the AAE curve of ATN in Fig. 5 in comparison
to σAP. The use of ATN to calculate AAEs will in both cases show consistently lower10

AAE values than those calculated from σAP using different correction schemes.
The average AAEs calculated from the Elandsfontein data using different corrections

are summarised in Table 1. It should be emphasised that the number of data points
decreases with the Tr, which will ensue in averages that do not equally represent the
whole Tr range since more data are exists at high Tr values.15

At Elandsfontein AAEs are obviously higher than during the NEAQS campaign. In
both data sets the wavelength-dependent V2010 correction leads to the highest AAE.
For the NEAQS data V2010 results in average AAE of 1.25, slightly higher than the
1.19 presented in Virkkula et al. (2005), but all other corrections and σ0 yield AAEs< 1
(Fig. 5b). The AAEs that are below unit do not, however, imply that the corrections yield20

unphysical AAEs. Core/shell simulations have shown that a weakly or non-absorbing
shell surrounding a BC core can lower the AAEs of particles significantly below unity
(Gyawali et al., 2009; Lack and Cappa, 2010). The study by Gyawali et al. (2009)
pointed out that care should be taken when drawing conclusions about the origin of
the aerosol due to different AAEs depending on the core thickness surrounding the25

absorbing core.
Figure 5a shows that at Elandsfontein the AAEs derived from σAP calculated with

the different corrections, although they yield different AAEs, do not greatly depend on
Tr between 0.7 and 1.0, whereas the AAEs calculated from σ0 and ATN have a clear
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Tr dependency, they decrease with decreasing Tr. On the contrary, when Tr decreases
below 0.7 the AAEs calculated from σAP with the different algorithms increase with
decreasing Tr. Moreover, in the marine data (Fig. 5b) there is not an increase in AAE
when the Tr drops below 0.7 as at Elandsfontein (Fig. 5a). This suggests that different
aerosol types will impact the performance of the respective corrections.5

Laboratory studies have shown that liquid non-absorbing secondary organic aerosol
(SOA) can change the radiative transfer of light and the optical path of the fibre filter
significantly (Cappa et al., 2008). Moreover, Cappa et al. (2008) showed that semi-
volatile SOA can condense and evaporate from the filtre and chan thus change the
liquid SOA coating of the fibre filters over time and thus impact the instrument response10

significantly. A study by Lack et al. (2008) showed that the effect can be significant
even at low concentrations of SOA. However, the changes in absolute values σAP as
reported by Cappa et al. (2008) when SOA concentrations change rapidly is likely to be
dampened by the dilution flow arrangements in the this study. The absolute filtre of the
setup in the dilution loop will likely dampen abrupt changes in the SOA concentration15

in the sampling line due to the large surface area of the filtre from which SOA partition
between gas phase and liquid phase. It should be acknowledged that a buildup of liquid
SOA onto the filtre can change the radiative transfer of light through the filtre and the
extent of the wavelength dependence of the bias remains unknown. Under large SOA
loadings the wavelength dependence of SOA soaked fibres in the filtre could potentially20

change the wavelength dependence of multiple scattering inside the filtre. This effect
could also change the AAEs dependence on how deeply the pre-deposited particles
have been embedded into the filtre (Lack et al., 2009; Nakayama et al., 2010).

The absolute change in AAEs as a function of Tr for the different data sets suggests
that the praxis to change filters at a certain Tr will affect the AAEs of the data. For25

the Elandsfontein data, the median AAEs of Fig. 5, changed by 0.04 (V2010), −0.13
(O2010), −0.04 (V2010avg), −0.32 (σ0), and −0.13 (ATN) when the Tr dropped from
1.0–0.7. For the marine NEAQS 2002 data, the AAEs changed by −0.06 (V2010),
−0.10 (O2010), −0.03 (V2010avg), −0.22 (σ0), and −0.07 (ATN) when Tr dropped
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from 1.0–0.7. For both data sets, AAEs calculated from σ0 and ATN experienced the
greatest Tr dependency.

The AAEs from the wavelength-dependent V2010 algorithm are highest because all
the constants in the algorithm are wavelength dependent. On the contrary, it is not that
obvious why the non-wavelength-dependent methods do not yield the same AAEs.5

For instance, for the Elandsfontein data the V2010avg correction algorithm yielded
higher AAEs than the O2010 correction function; as opposed to the behaviour of the
NEAQS data set (Fig. 5). Moreover, the AAEs of σ0 were consistently lower than those
calculated from σAP using different corrections at Elandsfontein (Fig. 5a), whereas the
AAEs of σ0 was for the most part greater than the AAEs calculated using the V2010avg10

and O2010 corrections during NEAQS (Fig. 5b). The order of the AAEs in the non-
wavelength-dependent corrections (O2010 and V2010avg) is argued to be a result of
different scattering Ångström exponent (SAE) of the aerosol. The corrections depend
on the scattering coefficients so it is reasonable that the wavelength dependency of
scattering also has an effect on AAE. The average SAE was 1.55 at Elandsfontein15

whereas the SAE of the NEAQS 2002 aerosol was considerably higher, between 2 and
3 (Virkkula et al., 2005). This suggests that the size of the particles at Elandsfontein
were larger than those measured during the NEAQS 2002 campaign.

The AAE dependence on the SAE of the aerosol for the V2010avg and O2010 cor-
rections and the AAE calculated from σ0 was analysed by making a simple simulation.20

σ0 at λ=530 nm was set to 10 M m−1 and AAE(σ0) = 1 and the transmittances at the
same wavelength to 0.96 and 0.62, representing two ranges of filter loading. The above
σ0 and Tr values were taken from real data measured at Elandsfontein, the AAE(σ0)
was set. The corrections were calculated for a case with low σSP =20 M m−1 at the
nephelometer wavelength λ=550 nm representing a aerosol with a low SSA and for25

a case representing a high SSA (σSP =100 M m−1); SAE was varied in the range 1–4
and the scattering coefficients were extrapolated to the PSAP wavelengths. The ab-
sorption coefficients were calculated using the V2010avg and O2010 algorithms and
the AAEs from them.
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The results of the simulation are shown in Fig. 6. Figure 6a shows that the scatter-
ing correction results in a different AAE than that calculated from the non-scattering
corrected σ0 even though the correction itself is not wavelength dependent. The figure
also shows that the effect on AAE depends on Tr, scattering properties of the aerosol
(σSP and SAE) and SSA. The impact is not as dramatic for the case with a low SSA5

since the scattering correction is consequently less in comparison to the case with high
SSA values.

When comparing the AAEs calculated using the V2010avg algorithm and O2010
function in the same manner, the difference between the AAEs calculated using these
corrections are not the same. Figure 6b that for different aerosol types (either a high10

or a low SSA and a range of SAE values) the corrections can yield a very different
AAE. Moreover, the crossover when one correction yields a higher AAE than the other
appears to depend on the filter Tr. Thus, the different behaviour of the V2010avg and
O2010 corrections with respect to each other, and in comparison to σ0 can be ex-
plained by the different type of aerosol between the sites. The analysis was restricted15

to V2010avg and O2010 only since V2010 consistently showed larger AAE values than
the other corrections.

3.3 AAE as a function of SSA

The surface plots in Fig. 7 present the correlation between the AAE and the SSA. The
figures were smoothened using a 3×3 matrix with equal weights for the surrounding20

grid points to make the interpretation of the figure more clear. The grid interval in the
figure is 0.004 on the x-axis and 0.05 on the y-axis. The SSA of the aerosols was calcu-
lated by using the MAAP and the Nephelometer (interpolated to a 637 nm wavelength)
data in order to make the comparison between the different corrections consistent, i.e.
AAEs using different corrections will thus get the same SSA regardless of the correc-25

tion used. Figure 7 shows again that the different corrections were prone to yield higher
AAEs than when calculated directly from σ0.
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In the first column, distinct differences are observed when comparing the AAEs cal-
culated using σAP from the V2010, V2010avg, and O2010 corrections, and σ0. The
AAEs of σ0 were mostly in the range of 0.84–1.50. AAEs calculated with the V2010
correction were mostly in the range of 1.52–2.40, whereas the V2010avg correction
yielded AAEs in the range of 1.01–1.85. AAEs calculated with the O2010 correction5

were in the range of 0.95–1.73. It should be noted that the O2010 correction only in-
clude data that were measured at a Tr above 0.7, while the V2010avg and V20 10
corrections that included data with a Tr above 0.4.

The second and third column of Fig. 7 depicts that the most frequently occurring
range in AAE and SSA did not always coincide with the highest σAP and σSP values.10

The high σAP values, were for the most part observed outside of the most frequently
occurring combination of SSA and AAE values. However, high σAP values were asso-
ciated with a lower SSA suggesting that the aerosol was not long range transported
biomass burning smoke. Furthermore, high values of σSP also did not fall into the most
frequently occurring combination of SSA and AAE at the site. The areas that show the15

highest σAP values are not the coordinates that are associated with the highest σSP
values, which suggest different sources.

All corrections assume that the apparent absorption is a certain fraction of the σSP.
A high SSA combined with high σSP seems to scatter events throughout the AAE axis
depending on the correction used; by how much is likely to be affected by the state of20

the filter when the event occurred. In other words, the different corrections are prone
towards different AAEs given that the SSA and σSP are high, which is in agreement
with Fig. 6.

3.4 Corrections’ impact OC estimation

The AAEs were next used for estimating the contribution of OC to aerosol light absorp-25

tion as described in Sect. 2.3.3. Figure 8 underlines the differencies between correc-
tions algorithms, functions and different approaches when AAEs are used to estimate
the amount of absorption by OC. Figure 8a depicts the absorption attributed to BC with
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respect to the total absorption by the aerosol used in Eqs. (10) and (11) using the AAE
values in Table 1 in the Tr range of 0.7–1.0.

The figure shows the fOC (abs) and fOC (ATN) as a function of wavelength for the dif-
ferent correction algorithms. From the figure it is evident that there is a significant differ-
ence in the calculated fOC by using AAE using based on different correction schemes.5

The correction function that gives the highest AAE also predicts the highest contribu-
tion of absorption by OC. The fOC calculated using AAE with the V2010 correction was
a factor of approximately 3 higher than if fOC was calculated from the non-corrected
σ0. Moreover, the fOC of the V2010avg and O2010 corrections were roughly 38 % and
63 % larger than if no correction was used.10

As discussed earlier, fOC (abs) are based on subsequent measurements using the
same filter whereas the fOC (ATN) can be considered to be one long measurement
until Tr has dropped to a certain value. In the study by Kirchstetter and Thatcher (2012)
the ATN ranged between 2 and 23 for most of the samples. That is equivalent to a Tr
ranging between 0.98 and 0.79, see Eq. (9). In this study, the average Tr of the filter (in15

the Tr range of 0.7–1.0) was 0.86. Thus, the study of Kirchstetter and Thatcher (2012)
was not entirely different in terms of filter loadings than this study. When comparing fOC
(ATN) to fOC(σ0), fOC (ATN) was 17 % higher than fOC(σ0). This relationship, however,
depends on the type of aerosol and the Tr of the filters (Fig. 5).

4 Conclusions20

The study showed a means by which the sample air of the PSAP can be diluted. After
a dilution of 1 : 14 the correlation between the diluted PSAP and a non-diluted MAAP
was good after post processing the PSAP data to a temporal resolution of one hour.
The correlation coefficients between the absorption coefficients were approximately
0.9 and the bivariate regression slopes were between 0.83 and 0.92 depending on25

the correction algorithm used. The extent of the dilution of the sampled air extends the
need to change filters in the PSAP expand the applicability of the instrument to stations
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to remote areas or areas that suffer from high levels of pollution, without significantly
compromising data quality or introduce noise. A further improvement of the dilution
arrangement could be to have an mass-flow controller for the dilution flow to provide
more accurate data for the dilution calculations.

The AAEs calculated from the data showed a large dependency on the algorithm5

used to convert the uncorrected “raw” absorption coefficient σ0 to the aerosol absorp-
tion coefficient σAP. The study showed that the correction algorithms used for PSAP
measurements can lead to conflicting conclusions about aerosols using the same data.
Depending on the algorithm used to calculate the AAE, the average AAE of aerosols
varied between 1.33 and 1.96. The lower value suggests urban pollution and the higher10

suggests biomass burning aerosols.
The highest AAEs at Elandsfontein were obtained from the σAP calculated with the

wavelength-dependent V2010 algorithm and the lowest from the σ0. When the AAEs
were calculated from a marine aerosol data the order changed: again the V2010 algo-
rithm yielded the highest values but the lowest ones were obtained from σAP calculated15

with non-wavelength-dependent algorithms. The fact that the wavelength-dependent
V2010 algorithm yields highest AAEs depends on the wavelength dependency of both
the loading correction and the scattering correction within it. It cannot be determined
from this analysis which of them is the true one but some evaluation can be made. If an
algorithm for calculating σap from σ0 worked perfectly at all transmittances (Tr) the AAE20

should not depend on Tr. With this criterium the AAE calculated directly from σ0 is not
good because it decreased clearly with decreasing Tr. Also the AAE calculated directly
from the Tr decreased with a decreasing Tr, even though less than that calculated from
σ0. The conclusion is that spectral attenuation measurements from filter samples may
yield lower AAE values when the filters are heavily loaded than when the amount of25

aerosol is light.
The uncertainties in AAEs calculated using different correction algorithms can be as

significant as the thickness of the shell that can encapsulate an absorbing BC core.
Thus, in the quest to distinguish between urban pollution and biomass burning type
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aerosol one should also consider the influence of the correction used and the uncer-
tainties associated with them.

Furthermore, the difference in AAEs can also result in large differences when esti-
mating the contribution of OC to light absorption. Depending on the algorithm used in
this study, the estimated fraction of absorption by OC ranged between 0.27 and 0.11 at5

a wavelength of 467 nm. Moreover, if no correction function was used for the data the
OC fraction was even lower (0.08).

Ideally, AAEs should be determined with multi-wavelength absorption measurements
on the aerosol while the aerosol is still suspended, such as with photoacoustic mea-
surements or the extinction minus scattering method. This method would be a valuable10

tool for characterising how the correction algorithms perform at different sites at mul-
tiple wavelengths. The study would need to include the deposition of liquid SOA to
determine how the radiative transfer at multiple wavelengths would affect the AAEs in
a similar manner that was conducted by Lack et al. (2008) at multiple wavelengths.
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Table 1. AEs calculated from the Elandsfontein data using different correction algorithms, σ0,
and ATN. The values in the parenthesises represent the AAE standard deviation.

Correction AAE

0.4<Tr<1.0 0.7<Tr<1.0

V2010 1.96 (±0.44) 1.90 (±0.38)
V2010avg 1.43 (±0.42) 1.39 (±0.36)
O2010 1.34 (±0.39) 1.33 (±0.34)
σ0 1.17 (±0.33) 1.25 (±0.29)
ATN 1.24 (±0.17) 1.29 (±0.18)
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Figure 1. Map of South Africa and the location (26◦14′43′′ S, 29◦25′30′′ E) of the Elandsfontein
measurement station on the South-African Highveld. The figure is based on the ETOPO1
bedrock data set (Amante and Eakins, 2009).
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Figure 2. Simplified schematics of the sample air dilution loop used to prolong filter change
intervals.
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Figure 3. The relationship between light absorption coefficients measured by the MAAP
(σAP,MAAP) and PSAP (σAP,V2010, σAP,O2010 and σAP,V2010avg), respectively. The upper and lower
panels show data with a Tr range of 0.7–1.0 and 0.4–0.7, respectively. The integration time of
the data plotted is one hour. The color legends indicate the number of data points in the scatter
plot at a given coordinate. The linear regression was done using the bivariate method.
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Figure 4. The influence of the PSAP’s filter transmittance (Tr) on σAP in comparison to σAP
from the MAAP and data coverage. (a) The median fraction of σAP calculated using the V2010
(blue), O2010 (red), and V2010avg (green) corrections in comparison to the MAAP (σAP,MAAP).
The faden dashed lines represent the 25th and 75th percentile range with the legend color
coding. (b) The percentage of data points for a given Tr range.
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Figure 5. AAEs calculated using different correction algorithms, σ0, and the AAEs calculated
from ATN as a function of Tr. The solid lines represent the median AAE for the different correc-
tions, σ0 and ATN. The lines are ramped to indicate the Tr range the median was calculated
from. The faded colored patches show the 25th to 75th percentile range of the AAEs lines with
the same color. The panel (a) is based on Elandsfontein data and (b) is based on NEAQS
2002 campaign data. During the NEAQS 2002 campaign the filter was changed at higher filter
transmittances than at Elandsfontein. Hence there is no data when Tr< 0.775
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Figure 6. Simulation of the impact of SAE on the AAE calculated using different correction
algorithms. The impact on the AAE was used assuming an AE of 1 when σ0 was 10 M m−1 at
530 nm. The upper panel (a) shows the ratio between the AE of σ0 and the AAE calculated
using O2010 correction. The lower panel (b) shows the ratio between AAE derived using the
V2010avg and the O2010 corrections.
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Figure 7. AAE as a function of SSA color coded with the number of data points σAP, and σAP.
for the three corrections algorithms investigated and σ0. The SSA was calculated using MAAP
and Nephelometer data at 637 nm wavelength to fix the x scale for all subplots. Furthermore,
MAAP data was used for σAP in the middle column. The AAE was calculated for σ0 (first rows),
V2010 (second row), V2010avg (third row), and for the O2010 (bottom row) correction.
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Figure 8. The difference in the wavelength dependency of absorption using different ap-
proaches for deriving AAEs and their impact on the estimated fraction of absorption by OC
(fOC). (a) The wavelength dependency of absorption and filter attenuation ATN calculated using
the AAEs of Table 1. At 660 nm all absorption is attributed to BC with a AAE of unity. (b) The
wavelength dependency of fOC which is the fraction of absorption that exceeds the absorption
of BC from Eqs. (12a) and (12b).
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