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Abstract

Through absorption of sun light atmospheric black carbon (BC) is expected to influence
regional/global climate by warming the atmosphere and dimming the surface. To eval-
uate the impact of these effects it is of interest to examine both the radiative properties
of BC and the concentrations in air. Building on recent developments we present a5

novel application for combining these two aspects using the common thermal-optical
(OC/EC) instrument. By correlating the OC/EC laser transmission with the FID-carbon
detection non-carbon contributions to the light attenuation are detected. Such analy-
sis allows the calculation of mass absorption cross-sections (MACs) for BC, corrected
for certain in-organic components. This approach has been applied to data from two S10

Asian and two N European sites, including a time series analysis for one of the N Euro-
pean sites. Taken together this study demonstrates broad applicability for this method
while providing new insights into the optical properties of BC.

1 Introduction

The interaction of aerosols with sunlight is one of the major uncertainties in our cur-15

rent understanding of Earth’s climate (Forster et al., 2007; Ramanathan et al., 2001a).
Black carbon (BC) aerosols are particularly pertinent as these strongly absorb sunlight
and thereby heat the atmosphere and dim the surface (Jacobson, 2001; Ramanathan
and Carmichael, 2008). The effects of BC on overall anthropogenic radiative forcing is
believed to be considerable in regions such as south and east Asia, as well as for the20

Arctic (Ramanathan et al., 2001b; Menon et al., 2002; McConnell et al., 2007). Quan-
tification of the light-interacting properties of BC aerosols is therefore of key importance
in order to estimate the overall radiative forcing and proposing effective aerosol emis-
sion control strategies.

BC is formed during the incomplete combustion of biomass and fossil fuels. BC25

is not a distinct chemical species, but rather defines a range of states from a few
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aromatic rings to graphite. The lack of a strict definition and the different focus in
different fields has lead to several partially overlapping terms that together describe the
“BC continuum” (Hedges et al., 2000; Hammes et al., 2007), The term light-absorbing
carbon (LAC) has been proposed for BC which is strongly light absorbing, as opposed
to “brown carbon” (Andreae and Gelenscer, 2006; Bond and Bergstrom, 2006).5

The thermo-optical (TO) method is the most commonly used approach in the atmo-
spheric sciences for distinguishing and quantifying the aerosol mass of organic carbon
(OC) and elemental carbon (EC) (e.g., Schauer et al., 1999; McDonald et al., 2000;
He et al., 2001). The obtained mass amount of EC is often used to establish transfer
functions, called mass absorption cross section (MAC, see Materials and Methods for10

a further discussion of this term), for converting optical data (e.g., particle soot absorp-
tion photometer (PSAP) or aethalometers) into BC mass concentrations. In the original
TO method setup the two carbon forms OC and EC were separated by combustion in
anoxic (OC) and a partially oxic atmospheric environment (EC). A major challenge with
this setup is that OC often pyrolizes during the anoxic phase, and therefore inadver-15

tently creates “EC” during the experiment. Laser transmission/reflection is nowadays
therefore monitored through the filter to circumvent inconsistencies regarding the split
between OC and EC in TO Transmission (TOT) or TO Reflection (TOR) approaches
(e.g., Chow et al., 2003). The split between OC and EC is then defined as the point in
the TOT stepped carrier gas composition-temperature program where the transmission20

returns to the initial value.
The laser transmission of the widely used Sunset thermal-optical instrument was

recently utilized by Ram and Sarin (2009) (Ram et al., 2010), in combination with con-
current aerosol carbon quantification to derive light extinction properties of the filter-
collected aerosol BC. This methodology has several advantages: (i) it does not re-25

quire any additional instrumentation to estimate the light extinction, (ii) light extinction,
OC and EC are derived simultaneously on exactly the same sample and (iii) since
the oven burns off all sample, a natural base-line for each filter is achieved. This
setup is similar to other filter-based techniques for measuring light absorption, such
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as the aethalometer and the particle soot absorption photometer (PSAP, Lin et al.,
1973; Hansen et al., 1984; Bond et al., 1999; Gelenscer, 2004). These methodolo-
gies are routinely used at various sampling sites around the world, including the Polar
Regions, city locations, mountain sites and forests (e.g., Bodhaine, 1995; Schmid et
al., 2006; Bergstrom et al., 2007). These methods utilize single or multiple wavelength5

light extinction to indirectly approximate the BC abundance. The coupling between light
extinction and BC concentrations are made through calibrations, often involving Sunset
Instruments TOT-defined EC as an analogue for BC. The “calibration” constant used is
the MAC, by which the light attenuation measured by the aethalometer or the PSAP is
converted into BC concentrations.10

One major disadvantage with techniques such as the aethalometer and the PSAP is
that the connection between the amounts of light absorbing carbon and light extinction
is not always clear, as other compounds may cause light extinction (Seinfeld and Pan-
dis, 2006). Here a novel algorithm for analyzing the thermo-optical laser transmission
is presented. This algorithm combines the FID signal (flame ionization detector) with15

the optical signal to distinguish between high temperature non-carbon optical extinction
and optical extinction that is correlated with the carbon signal. This algorithm is demon-
strated using samples from two regional background sites in south Asian background
sites, Hanimaadhoo Island, the northern most islands in the republic of Maldives and
Sinhagad in Western India, and two samples from rural (Aspvreten) and urban (Stock-20

holm) sites in N. Europe (Sweden). Finally, this methodology was used to calculate
the mass absorption cross-section (MAC) and the light attenuation coefficient (ATN) for
these samples.
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2 Materials and methods

2.1 Lambert-Beer Law and definitions

According to the Lambert-Beer Law, light intensity attenuation (I /I0) is proportional to
the negative exponential of the path length (d ), concentration (C) and the extinction
coefficient, here referred to as the mass absorption cross section (MAC):5

I
I0

=e−MAC·d ·C (1)

Strictly, this Equation is only valid for an infinitely diluted medium with well-defined op-
tical properties. However, it is still useful for wider set of applications, as it facilitates
comparisons of, e.g., concentrations and optical properties. In atmospheric sciences,
there is currently a lack of consistency in the terminology regarding the different coeffi-10

cients used in relation to the Lambert-Beer Law (Bond and Bergstrom, 2006). Here, the
concentration will refer to the mass of atmospheric particles per volume units (g m−3).
Since Eq. (1) in the present setting is applied to filter sampling, the path length is
given by the total air volume sampled (V ) divided by the filter area (A,d = V /A). Con-
sequently, the MAC has the units of m2 g−1. In the literature there is diversity in the15

definitions, and the MAC is sometimes also referred to the mass absorption efficiency
(MAE). Since light is attenuated not only by aerosol absorption, but also scattering the
terminology MAC or MAE is somewhat misleading. However, we have chosen to use
the MAC terminology in this contribution, as it is accepted in the literature (Bond and
Bergstrom, 2006). The MAC is a measure of light attenuation normalized to the mass20

loadings per filter area.
Since the MAC is dependent on a correct estimate of the mass of the scatter-

ing/absorbing aerosols it is useful to define the light attenuation constant, (ATN, which
is the sum of the scattering and absorption light attenuation) which normalizes the light
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reduction caused by aerosols by sampled air volume and filter area:

ATN=
−ln| lI0 |

d
=
−A · ln| II0 |

V
=MAC ·C (2)

The light attenuation has the unit m−1, and is an estimate of the decrease of light
transmission due to the presence of aerosols per meter ambient air. By assuming a
well-mixed boundary layer, calculating the product of the light extinction coefficient and5

the height of the boundary layer gives an estimate of the direct aerosol dimming effect.

2.2 Thermal-optical analysis and laser transmission algorithm

The aerosol bulk organic carbon (OC) and elemental carbon (EC) contents were an-
alyzed with Sunset thermal-optical transmission carbon analyzer (Sunset Laboratory,
Tigard, OR, USA, Birch and Cary, 1996). The temperature program used was the Na-10

tional Institute of Occupational Safety and Health (NIOSH, 1999). The carbon mass
content (measured through a flame ionization detector, FID) and the light transmission
through the filter are simultaneously quantified. The amount of EC is defined as the
carbon mass that is collected once the laser transmission returns to the initial value
(e.g., Birch and Cary, 1996).15

In the recent method developed by Ram and Sarin (2009) the (λ=768 nm) OCEC
laser transmission is used to calculate optical properties of the sample according to:

I
I0

=
Tstart

Tend
(3)

where Tstart is the initial value of the transmission and Tend is the final value of the
transmission. Combined with Eqs. (1) and (2) this value was then used to calculate20

the light attenuation (ATN) and the mass absorption cross-section (MAC). However, it
has been found that the laser transmission in the OCEC experiment can continue to
increase even after the carbon signal has leveled off, Fig. 1. It is clear that this increase

1238

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/1233/2011/amtd-4-1233-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/1233/2011/amtd-4-1233-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 1233–1254, 2011

A novel algorithm for
retrieving aerosol

A. Andersson 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
|

in transmission must be due to some component(s) that do(es) not contain carbon, i.e.,
inorganic compounds. For such samples, utilizing the methodology outlined in Eq. (3)
would overestimate the light extinction attributed to carbonaceous materials, such as
BC and LAC.

There is thus a need to develop a robust methodology that is based on a cut-off point5

where the transmission is no longer influenced by LAC. A straight-forward methodology
would be to define a cut-off based on a change in the carbon signal (the “derivative”).
The drawback of such a strategy is that the relation between the transmission and the
carbon signal is often highly non-linear, Fig. 1. Thus, by arbitrarily defining a cut-off,
this may lead to a low consistency among highly variable samples.10

Another strategy would be to focus on the laser transmission signal, and search for
an inflection point, at which a novel contribution to the transmission could be expected.
Such point could be calculated by looking for a minimum in the point by point difference
(the “derivative”) of the transmission signal. This strategy is problematic since certain
samples might not have a well-defined inflection point, and the existence of such might15

be uncorrelated with the decaying carbon signal. To overcome this problem a com-
bined strategy is therefore proposed. By computing the point by point change of the
transmission signal and dividing it by the point by point change in the carbon signal a
“response function” is obtained. This response function is sensitive to changes in both
light transmission and carbon amounts. At the point where carbon is decreasing, while20

the laser is increasing, the sensitivity function will have a local maximum. To calculate
this point a Matlab routine was developed using Matlab version 7.9.0 (The MathWorks,
Natick, USA).

One problem with defining this local maximum of the response function is that there
might be many such maxima during a run, especially if the signals are noisy, Fig. 1b.25

For the currently analyzed samples, the noise was reduced by calculating the running
average of the transmission signal (the carbon signal was more stable), with an average
of 30 data points. For the current applications the full OC/EC run was recorded using
810 data points. To further restrict the possibility for “false positives”, the interval in
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which the maximum of the response function is examined by manual inspection. Of key
importance for the response function to be informative is that the laser transmission
signal and the carbon signal are synchronized. Since it takes time for the burned
off material to be transported to the FID (a few seconds), this “transit time” needs to
be subtracted from the timing of the carbon signal before calculating the response5

function.
This strategy makes it possible to calculate the level at which the laser transmission

stops being influenced by carbon containing materials (TEC). This point can then be
used to calculate the light transmission related specifically and only to the EC compo-
nent (IEC/I0):10

IEC

I0
=
Tstart+Tend−TEC

Tend
(4)

In Sect. 3, both Eqs. (3) and (4) are used to calculate the mass absorption cross sec-
tion and the light attenuation in order to evaluate the effect on derived aerosol optical
parameters on inadvertent inclusion of the non-carbonaceous contributions.

2.3 Aerosol sampling and TOT-OCEC measurements15

Samples of ambient air were collected at four different sites to test and demonstrate
the algorithm. Samples were used from the Maldives Climate Observatory on Hani-
maadhoo Island (MCOH, 6◦46′34′′ N, 73◦10′60′′ E), the northernmost Island in the Re-
public of Maldives (test samples of 10–16 April 2008). The method was also tested
with samples from another South Asian site, the mountain top site (1400 m a.s.l.) op-20

erated by the Indian Institute of Tropical Meteorology at Sinhagad (SIN, 18◦21′59′′ N,
73◦45′21′′ E) in Western India (samples from 4–10 March 2009). The method was
additionally tested on Northern European aerosols obtained from the European Mon-
itoring and Evaluation Programme (EMEP) station in Aspvreten (ASP, 58◦48′21′′ N,
17◦24′18′′ E), Sweden (samples from 6–12 October 2008). Finally, temporal variability25

in the derived BC optical parameters were investigated using 2–3 days interval time
1240
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series (3 days for weekends) collected from a 15 m platform on the top floor of the
Geoscience building at Stockholm University campus (STO, 59◦21′58′′ N, 18◦03′29′′E),
Stockholm, Sweden, 19 August–5 October 2009. The site is located in a mixed
grassland-forested area, a “City National park”, about 120 m away from a highway.
To include all aerosol carbon fractions, high-volume total suspended particle (TSP) air5

samples were obtained as detailed earlier (e.g., Zencak et al., 2007; Gustafsson et al.,
2009). The ambient aerosols were collected onto low volume (0.5–0.7 m3 h−1) 47 mm
(MCOH, SIN and ASP) or high volume (14–19 m3 h−1) 142 mm (STO) quartz fiber fil-
ters (QFF; Millipore, Billerica, MA), pre-combusted at 450 ◦C for 5 h. Field blanks were
obtained by placing and removing the blank filters in the filter holder at site. In order to10

estimate the errors and error propagation, triplicates were measured at least once for
all sites.

2.4 Filter sampling and optical measurements

Filter-based measurements of the optical properties of the deposit are associated with
some technical and principal challenges. A major issue with optical measurements15

is the presence of multiple scattering caused by the filter media (e.g., Bond et al.,
1999). These scattering effects may be difficult to account for by theoretical means,
and since no two filters are exactly the same variations are expected to occur. For
aerosol samples, it has been found that these effects also are influenced by aerosol
parameters such as the mixing state (Bond and Bergstrom 2006, Weingarter et al.,20

2003). To correct for these effects, empirical correction factors (C) have been devel-
oped for calculating the mass and light extinction factors (Bond et al., 1999, Weingarter
et al., 2003).

Besides multiple scattering effects, shadowing effects also may influence the light
transmission. This shadowing effect occur at high filter loadings, where the laser trans-25

mission is strongly attenuated by the higher lying layers on the filter, and thus do not
represent the entire sample, thus displaying non-Lambert-Beer behavior. These ef-
fects can partially be controlled by ensuring that the sampling time/air flow rates match
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the ambient loadings. Besides differences in filter loadings, variations have also been
observed when comparing freshly emitted and aged soot LAC particles. The shad-
owing effect for well-mixed aerosols is “almost negligible” as compared with fresh soot
particles (Weingartner et al., 2003). In the current study, the calculated mass and light
extinction coefficients were divided by the correcting factor C=3.6±0.6, since such5

values could be expected for internally mixed aerosols. No correction for the shadow-
ing effect was introduced, since the sampled aerosols were expected to be well-mixed.

3 Results and discussion

3.1 Comparison of the two strategies for deriving BC optical properties from
the thermal-optical instrument10

By comparing the light attenuation coefficients calculated using Eq. (3) (ATNEC) with
the ones calculated according to Ram and Sarin (2009) using Eq. (4) (ATNRS), it is pos-
sible to estimate the influence of high temperature non-carbon carbon contributions to
the light attenuation. The ratios of ATNEC/ATNRS (Fig. 2a and Table 1) are consistently
<1 for all sites, demonstrating that the inclusion of the late-program increase in trans-15

mission, not related to carbon-containing aerosols, leads to an overestimate of “ATN”
for BC aerosols. The results show that inter-site variations of the ATNEC/ATNRS – ratio
are larger than the temporal variations at the Stockholm site.

3.2 Inter-site comparisons

In Fig. 2b–c the variations in ATN and MAC are plotted as a function of the four different20

sites: Aspvreten, Sinhagad, Hanimaadhoo and Stockholm. The values of the light
extinction vary by at least a factor of three (1.7–7.0 µm−1), Fig. 2b. The two south Asian
sites were probed during the high aerosol loading winter season. However, the two
sites are relatively remote background sites. The highest value is observed at SIN in
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India (7.0 µm−1), whereas the three other sites have similar values (1.7–2.6µm−1). The
mass absorption cross-section (MAC) provides a link between optical measurements
such as PSAP and aethalometers and BC concentrations. Comparing with the trends
observed for the light attenuation coefficients, the trends for MACs are shifted Fig. 2c
and Table 1. The MACs of SIN and ASP (17.4 and 13.9 m2 g−1, respectively) are5

more than twice the values for STO and MCOH (5.5 and 6.6 m2 g−1, respectively). In
these plots, the error bars were calculated from triplicate samples, and it is thus clear
that the differences exceed the measurement variance. It is not possible to draw any
general conclusions for inter-site variations from this limited data set. However, these
data shows that large regional variations are observed, emphasizing the importance of10

investigating site variations of the MACs.

3.3 Stockholm time-series

In order to explore the temporal variations in light extinction properties at a single site a
six week sampling campaign was executed in Stockholm, Fig. 3. OC and EC concen-
trations in air as well as the light attenuation constant follow similar temporal patterns15

for the first part of the sampling period. The general trend is that weekends (marked
by stars) have lower values than the rest of the week for all three parameters. After the
18 October this trend is no longer present. This change is accompanied with a shift in
mean wind direction, changing from 203±22◦ to 248±20◦, and thus to more westerly
winds, as calculated using data from the Swedish Meteorology and Hydrology Institute20

(SMHI) MESAN meso-scale analysis system. These changes in wind direction do not
in themselves explain the change in the temporal pattern, but indicate a shift in the
local meteorological setting. The lower values observed for the weekends are likely to
be attributed to lesser weekend traffic on the nearby E18 motorway. The E18 is heavily
trafficked during weekdays as it is one of the major routes for car commuters to and25

from the centre of Stockholm.
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It is interesting to note that the light attenuation constant follows a similar trend as
the EC levels, Fig. 3a–b. However, it is important to examine how large these variations
are compared with the measurement errors. The ratio between the standard deviations
of the temporal variations and variations in triplicate analyses are in the order of 10 for
EC concentrations and around 2 for the light attenuation constant. Thus, the variations5

in EC are well above the “signal to noise”, but for the light attenuation constant it is
important not to overemphasize these trends. The MAC is obtained by calculating
the ratio of the light extinction coefficient and EC. It is clear that the weekend effects
observed for the light attenuation and the EC cancel out when calculating the MAC,
Fig. 3c. This indicates that the mass extinction cross-section for this region is relatively10

constant over time, implying similar optical properties thus combustion sources over
time.

3.4 Comparisons with other filter based methods

Filter-based measurements of light attenuation and estimates have been developed
over a few decades. Several different techniques are currently used in field studies,15

including aethalometers, PSAPs and soot photometers (Lin et al., 1973; Hansen et
al., 1984; Gelenscer, 2004). These methods all share similar technical problems, in-
cluding sampling artifacts such as adsorption/desorption of compounds from the filter
and chemical reactions, but also more principal problems such as multiple scattering
and shadowing effects (e.g., Bond et al., 1999; Gelenscer, 2004; Bond and Bergstrom,20

2006). As was discussed in the Materials and Methods section, semi-empirical ways to
account for the latter two effects has been applied to the present data. These correc-
tions are important to keep in mind when comparing with other estimates of the light
attenuation parameters.

Another important factor to consider is the wavelength dependence of the optical25

properties. The present data were recorded at 768 nm, whereas, e.g., PSAP data
routinely are recorded at ∼550 nm. The 768 nm is less likely to be interfered by the
light absorption of “brown carbon” compounds, but may be more influenced by the
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scattering of inorganic species. Aethalometer data are sometimes recorded using sev-
eral different wavelengths, in order to calculate e.g. the Ångström coefficient, but is
also many times recorded using a single wavelength apparatus. Comparisons of field
campaigns from different regions show that the wavelength dependence of the aerosol
optical depth is highly variable (Bergstrom et al., 2007). These trends however do not5

only reflect BC or LAC, but all aerosol components. The wavelength dependence for
“pure” BC absorption is expected to depend on the size of the graphitic clusters (Bond,
2001).

Besides instrumental and technical issues of filter-based measurements of aerosol
optical parameters it is also important to examine sample variations. Such varia-10

tions may be due to several different factors, including chemical composition, inter-
nal/external mixing, size distribution and shape (Bond and Bergstrom, 2006). It is there-
fore of interest to examine these parameters at various different sites and time points,
including different distances from sources. There is a broad set of literature values of
the light extinction coefficients (e.g., Bergstrom and Bond, 2006; Snyder and Schauer,15

2007). Based on a collection of 17 different studies Bergstrom and Bond proposed a
universal value of the BC mass extinction coefficient (MACBC)=7.5±1.2 m2 g−1 was
proposed. This value represents freshly made BC particles measured at 550 nm. How-
ever, large variations have been reported for different conditions. For instance, it has
been shown that the values of MACBC vary linearly with the EC/PM2.5 (PM2.5 – par-20

ticulate matter with a radius less than 2.5 µm) ratio for burning of biomass materials
(Habib et al., 2008). The MACBC values calculated by the simultaneously obtained op-
tical and BC mass data with the TOT-OC/EC instrument approach by Ram and Sarin
(2009) range between 3.4–16.9 m2 g−1, for different sites in India.

The present values range between 3.5–18.2 m2 g−1 when not accounting for the25

non-carbon contributions (MACRS). The non-carbon contribution of these values, as
determined by the present method, ranges ∼5–50% of the MACRS, depending on site,
Table 1. Ram and Sarin (2009) used a multiple scattering correction of 2.14, but in
the current contribution we used 3.6, as we assume the samples to be well-mixed.
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The only site in the current study which is expected to lie relatively close to source re-
gions is the Stockholm site. Since the Stockholm values are in general lower than other
ones, one might argue that the ε is underestimated at this site. The average Stockholm
values are MACRS =6.5 m2 g−1 and MACEC =5.0 m2 g−1, Table 1. However, by using
a scattering correction of 2.14 instead of 3.6 one obtains MACRS =10.9 m2 g−1 and5

MACEC =8.4 m2 g−1. The latter value lies within the range of 7.5±1.2 m2 g−1 proposed
by Bond and Bergstrom for freshly emitted LAC. However, it is important to note that
present results were obtained at a different wavelength.

4 Conclusions

A novel algorithm for extracting optical properties of BC/LAC from the common optical-10

thermal (OC/EC) technique is presented. This algorithm combines the laser transmis-
sion signal with the FID signal of the OC/EC instrument to distinguish between carbon
and non-carbon components of the light extinction. This allows computation of mass
absorption cross-sections (MACs) for the investigated samples, corrected for high tem-
perature non-carbon contributions. The simultaneous measurements of optical optical15

properties and the carbon mass on the same filter, as well as the natural baseline ob-
tained at the end of the OC/EC temperature program offers additional advantages of
this approach.

The current methodology was successfully applied to data from Indian and Maldi-
vian background sites as well as rural and urban sites in N. Europe, including a six20

week time series at site in metropolitan Stockholm. Taken together, this shows that
the current development have a wide applicability and provide novel insights into the
characterization of the optical properties of BC/LAC.

1246

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/4/1233/2011/amtd-4-1233-2011-print.pdf
http://www.atmos-meas-tech-discuss.net/4/1233/2011/amtd-4-1233-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
4, 1233–1254, 2011

A novel algorithm for
retrieving aerosol

A. Andersson 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
|

Acknowledgements. We acknowledge financial support from the Swedish Research Council
for Environment, Agricultural Sciences and Spatial Planning (FORMAS Contract no. 214-2009-
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Table 1. OC and EC concentrations in air, as well as optical parameters derived from the
thermo-optical (OCEC) laser transmission at Maldives Climate Observatory at Hanimadhoo
(MCOH), Sinhagad (SIN), Aspvreten (ASP) and Stockholm (STO). ATNRS and ATNEC denote
the light attenuation coefficients calculated using the method by Ram and Sarin (2009, Eq. (2)
and (3)) and the present method (Eq. (2) and (4), respectively. MACRS and MACEC denote the
analogous mass absorption coefficients. MCOH, SIN, ASP and STO were measured in tripli-
cates, and the data are presented as mean± stdev. <STO> is the average of the Stockholm
time-series data, where the standard deviation indicate time-variability rather than measure-
ment uncertainties.

Sample OC(µg m3) EC(µg m3) ATNRS(µm−1)a ATNEC(µm−1)a MACRS (m2 g−1)a MACEC (m2 g−1)a

MCOH 0.70±0.04 0.34±0.02 4.6±0.2 2.2±0.6 13.6±0.7 6.6±1.5
SIN 1.95±0.08 0.400±0.003 7.3±0.4 7.0±0.2 18.2±0.9 17.4±0.5
ASP 1.231±0.008 0.127±0.001 2.05±0.05 1.68±0.07 16.9±0.6 13.9±0.7
STO 3.56±0.06 0.48±0.01 3.2±0.3 2.6±0.2 6.7±0.9 5.5±0.6
<STO> 3.0±0.4 0.44±0.09 2.8±0.8 2.1±0.5 6.5±1.8 5.0±1.7

a Calculated using a correction factor for multiple scattering effects C=3.6.
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Fig. 1. (a) A typical thermal-optical OC/EC run with the laser transmission signal (normalized
to the cutoff level calculated by the present algorithm) in black and the normalized cumulative
carbon signal in red (normalized to the maximum off the response function). The dotted line
represents the laser transmission level at which the response function reaches its maximum.
For a definition of the response function see Sect. 2.2. (b) The normalized FID carbon signal
in blue and the normalized response function in green for the same OC/EC run as in a. The
dotted line represents the data point at which the response function reaches a maximum. In
both A and B the carbon signal, the cumulative signal and response signal are set to zero after
point 750 (out of 810) to exclude the internal standard carbon signal.
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Fig. 2. Optical parameters of EC obtained using the present analysis method of the thermo-
optical (OC/EC) data. (a) The ratios of light attenuation constants obtained using the present
algorithm (ATNEC) and the method described by Ram and Sarin (2009, ATNRS) plotted for
the different sites: Maldives Climate Observatory at Hanimadhoo (MCOH), Sinhagad (SIN)
and Aspvreten (ASP), including time-resolved data for the Stockholm site (STO). In (b) light
attenuation data calculated using the present algorithm (ATNEC) for these four sites are plotted.
The error bars indicate triplicate variation. In (c), the corresponding mass absorption cross-
sections (MACEC) are plotted.
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Fig. 3. Times series of thermo-optical (OC/EC) measurements recorded at the Stockholm
(STO) site during 19 August–2 October 2008. In (a), the light extinction coefficient, ATNEC,
calculated from the OC/EC data is plotted (black). In (b), the concentrations of TC (blue) and
EC (green) in ambient air are depicted. In panel (c), the time-dependence of the light absorption
cross section, MACEC, with respect to EC (red) are shown. Weekends are marked with ∗.
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