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a b s t r a c t
The simultaneous measurements of black carbon (BC, based on Aethalometer) and elemental
carbon (EC, using thermo-optical EC–OC analyzer) in airborne particles collected from an urban
location (Kanpur) in northern India are reported here. The strategy for site-selection is most
relevant in order to assess the relative dominance of emissions from coal-ﬁred industries,
fossil–fuel combustion and biomass burning on the seasonal variability of EC (BC)
concentrations. An inter-comparison of the analytical data (n = 32) suggests that BC mass
concentration is ∼ 20% higher than that of EC. However, attenuation coefﬁcient (bATN)
measured by the two analytical instruments shows good agreement (slope = 0.97, n = 27),
establishing the validity of bATN derived from thermo-optical EC–OC analyzer. Furthermore,
slope (20.7 m2 g− 1) of a linear-ﬁt to the data (n = 48, R2 =0.86) for surface EC concentration
(ECs ≤ 8 μg C cm− 2) and optical-attenuation (ATN ≤ 180) measured at 678 nm on thermooptical analyzer provides an independent and novel way of determining the “site-speciﬁc”
attenuation cross-section (σATN).
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Black carbon (BC), also referred as elemental carbon (EC)
or light absorbing carbon (LAC), is one of the key species of
the atmospheric aerosols contributing to positive radiative
forcing (warming) at top of the atmosphere (TOA) and
negative radiative forcing (cooling) at the surface level
(Ramanathan et al., 2001). The determination of LAC mass
(μg C m− 3) based on optical and thermal methods is referred
as BC and EC, respectively. However, its measurement by two
different methods suffers from large degree of uncertainty. An
absolute method for the accurate determination of LAC by
optical method is still lacking (Reisinger et al., 2008), and
difference in the mass concentration by a factor of two to four
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(or even more) is not very uncommon (Hitzenberger et al.,
2006).
The optical methods rely on measuring the change in
attenuation of light (ΔATN) at a given wavelength through
the ﬁlter embedded with aerosols and use of a constant factor
(referred as attenuation cross-section, σATN) to infer the BC
mass concentration. These online methods are based on the
basic assumption that absorption is solely due to LAC and
σATN remains constant during the course of measurements
(Bond and Bergstrom, 2006; Snyder and Schauer, 2007);
however, none of these assumptions are strictly valid. The
absorption at a given wavelength may be sensitive to aerosol
species other than LAC mass (Bond and Bergstrom, 2006;
Snyder and Schauer, 2007). A number of studies reported in
the literature invoke that σATN is variable on a spatial scale,
even shows diurnal variation (Snyder and Schauer, 2007) and
changes from sample to sample (Liousse et al., 1993). More
importantly, the data on σATN reported in the literature are
based on absorption measurements via optical method and
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EC from a thermal method (Allen et al., 1999; Bond and
Bergstrom, 2006; Liousse et al., 1993; Snyder and Schauer,
2007). The variability in σATN has been interpreted in terms of
emission sources, mixing state of aerosols, their chemicalcomposition and use of more than one protocol for the
determination of EC by thermal method.
In contrast, thermal–optical method relies on the chemical
properties of organic and elemental carbon (OC and EC) to
assess their atmospheric abundances. The oxidation of
organic carbon to CO2 is achieved by heating the aerosol
sample in an inert atmosphere of He (used as a carrier gas);
whereas refractory and chemically inert EC is converted to
CO2 in an oxidizing environment (He + O2). The simulataneous use of a laser source for the measurement of opticalattenuation (ATN) helps in deﬁning the split-point between
OC and EC and in making correction for pyrolyzed carbon. The
use of different protocols (involving different temperature
steps) reported in the literature suggests that measurement
precision ranges from 4 to 13% for OC and 6 to 21% for EC
(Schauer et al., 2003). In the present study, we have further
made use of optical-attenuation (ATN measured at 678 nm)
for the determination of σATN and attenuation coefﬁcient
(bATN). In order to validate this analytical approach, we have
compared EC and bATN data with the simultaneous measurement of BC on Aethalometer.
2. Site description and aerosol sampling
The ambient aerosols with aerodynamic diameter less
than 10 μm (PM 10 ) were collected over a period of
13 months, during Jan 2007–Feb 2008, from an urban
sampling site (Kanpur: 26.5° N, 80.3° E, 142 m amsl) in
northern India. A high-volume sampler was set-up at a height
of ∼ 12 m above the ground level (on the terrace of a threestory building) in the premises of the Indian Institute of
Technology (IIT). The sampler was operated at a ﬂow rate of
1.0 ± 0.1 m3 min−1 and PM10 samples were collected by
drawing the ambient air through tissuquartz ﬁlters (PALLFLEXTM, 2500QAT-UP; size: 20.0 × 25.4 cm2). Prior to their
use in the ﬁeld, ﬁlters were cleaned by heating them at a
temperature of ∼350 °C for ∼6 h. In general, an aerosol
sample was collected every 5th-day but the frequency was
increased to two samples per week during summer months
(April–June). The samples were generally collected during
day-time (local time, from 8:00 AM to 6:00 PM) with a typical
sampling time of 8–10 h in order to ﬁlter ∼ 550 m3 of air. Soon
after sample collection, ﬁlters were wrapped in Al-foils and
packed into polyethylene zip-lock bags and later stored in
refrigerator at 4 °C until the time of analysis. Simultaneously,
an Aethalometer was operated at the same site for the
measurement of black carbon (BC). The sampling site is
∼ 15 km downwind of the main city and is inﬂuenced by
emissions from biomass burning (mainly wood-fuel and
agriculture-waste) and anthropogenic sources (thermal
power plants and vehicular emissions). For further details
on site description, reference is made to (Tripathi et al., 2006).
3. Analytical procedures
For the determination of EC mass concentration, ﬁlter
aliquots (1.5 cm2 rectangular punches) were analyzed on the

EC–OC analyzer (Sunset Laboratory, Forest Grove, USA) using
thermo-optical transmittance (TOT) protocol (Birch and Cary,
1996; Schauer et al., 2003). The details of the analytical
protocol and uncertainty in the measurements of EC and OC
have been described in our earlier publications (Ram and
Sarin, 2010; Ram et al., 2008; Rengarajan et al., 2007). The
optical-attenuation [ATN; ATN = −ln (I/I0)] of a laser beam
(at 678 nm) through the sample ﬁlter is continuously
monitored and is used to deﬁne the split-point between OC
and EC on a thermograph obtained during different heating
steps in an inert atmosphere (100% He) and under oxidizing
conditions (10% O2 + 90% He, vol/vol). Thus, ATN signal
measured at 678 nm, through the sample ﬁlter, is attributed
to the light absorbing carbon (i.e. EC) in ambient aerosols and
is further used to calculate the attenuation coefﬁcient
(bATN–ECOC) according to Eq. (1).
 


A m2
−1

= ATN⁎
bATN−ECOC Mm
V m3

ð1Þ

The terms A and V represent effective ﬁlter area (here,
417 × 10−4 m2) and volume of air ﬁltered (units of m3)
respectively. The error in bATN mainly arises from the
uncertainty associated with ATN measurement; whereas
both A and V are measured with relatively better precision
and have small errors. The ATN signal through the blank ﬁlter
and EC concentration are zero, as determined based on large
number of analysis (n = 50). The overall uncertainty in bATN is
better than 10%. The experimental details for the determination of attenuation coefﬁcient (bATN–ECOC) and associated
uncertainties have been described in our earlier publication
(Ram and Sarin, 2009).
The determination of BC mass concentration by Aethalometer is based on change in the attenuation of light (ΔATN)
measured through the ﬁlter in a given time interval (Δt). The
change in attenuation (ΔATN) is considered to be proportional to BC mass, assuming that BC is the only absorbing
component present in aerosols (Bodhaine, 1995; Bond and
Bergstrom, 2006; Snyder and Schauer, 2007). In this study,
typical ﬂow rate used in Aethalometer is 3 lpm (liters per
minute) and attenuation signal is integrated for 5 min. The
relevant details of the protocol for Aethalometer based
measurements have been described elsewhere and uncertainty in BC mass concentration is ∼ 10% (Tripathi et al., 2005).
In case of Aethalometer, attenuation coefﬁcient (bATN–Aeth)
can be calculated by multiplying the measured BC mass
concentration (μg C m−3) at 880 nm and constant value of
attenuation cross-section (16.6 m2 g−1), according to Eq. (2):






1
−3 ⁎
2 −1
16:6 m g
= BC μg m
bATN−Aeth Mm

ð2Þ

It is relevant to state that BC concentrations, recorded
every 5 min on Aethalometer, are integrated for a total timeperiod of 8–10 h (similar to the total sampling time on a highvolume sampler) for the inter-comparison with EC. The
simultaneous operation of both high-volume sampler and
Aethalometer ensures sampling of the same ambient air.
Further, bATN measured on EC–OC analyzer at 678 nm has
been corrected to match with that on Aethalometer (at
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880 nm) by assuming inverse dependence of attenuation
coefﬁcient on wavelength (Dey and Tripathi, 2007).
4. Results and discussion
4.1. Measurements based on the EC–OC analyzer
The ATN and ECs concentration at an urban site (Kanpur)
ranged from 17 to 244 and 0.7 to 31.2 μg C cm−2, respectively.
However, the linear relationship between the two parameters,
establishing the validity of Beer–Lambert's law, is limited to
ATN≤ 180 and ECs ≤ 8.0 μg C cm− 2 (Fig. 1). It is noteworthy
that samples collected during wintertime (Dec–Feb) exhibit
signiﬁcantly higher ATN (range: 131 to 244) for corresponding
ECs concentrations ranging from 8.4 to 31.2 μg C cm− 2 (data
shown by ﬁlled circles, Fig. 1). Similar to the results obtained
in Fig. 1, Junker et al. (2006) had reported that ATN (measured
on Aethalometer) shows a linear increase with ECs (assayed
by thermal method) but the linearity does not extend for
ATN N 178. Likewise, Watson and Chow (2002) have
described that the linearity ceases beyond ECN 5 μg C m− 3 for
the aerosol samples collected from Fresno Supersite, California.
Looking from a different perspective, slope of a linear
regression line in Fig. 1 (m = 20.7 m2 g− 1) provides a direct
measure of ‘site-speciﬁc’ attenuation cross-section (σATN). In
a recent study, Zhang et al. (2008) have reported that
attenuation coefﬁcient (bATN) measured using Aethalometer
(at 660 nm) exhibits a linear relation (slope = 18.2 m2 g− 1)
with EC concentration (μg C m− 3) assayed by thermo-optical
method. Likewise, attenuation coefﬁcient measured on
Particle Soot Absorption Spectrometer (PSAP) and EC concentration by EC–OC analyser is signiﬁcantly correlated
(r = 0.95) and the average value for σATN is 24 m2 g− 1
(Hagler et al., 2007). More recently, Snyder and Schauer
(2007) have obtained values of σATN as 23.7 ± 0.4 and 18.3 ±
0.5 m2 g− 1 at 660 nm and 565 nm by comparing the
attenuation coefﬁcient measured by Aethalometer and
PSAP, respectively, and EC via thermal method. The use of
site-speciﬁc σATN is, thus, suggested in view of the large
variability (Liousse et al., 1993; Sharma et al., 2002).
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However, a constant value of 10 m2 g− 1 with PASP and
16.6 m2 g− 1 with Aethalometer is generally used in order to
derive BC mass concentration (Sharma et al., 2002). Another
likely cause for variability in σATN can be attributed to the use
of different protocols for the assay of EC by the thermal
method. The value of σATN (i.e. 20.7 m2 g− 1) obtained in this
study is similar to those reported in literature and demonstrate the usefulness of ATN measurements made on thermooptical EC–OC analyzer.
The non-zero intercept in the linear regression plot
(Fig. 1) suggests contribution from absorbing species other
than BC. The mineral aerosols, with characteristic weak
absorbing properties compared to BC, may be the possible
cause for the non-zero absorption (Bodhaine, 1995). A recent
study has suggested that mineral aerosols in northern India
are non-absorbing at 670 nm even when hematite (Fe2O3)
fraction is as high as 6%. However, a signiﬁcant absorption by
mineral dust at 440 nm has been reported (Mishra and
Tripathi, 2008). The absorption by organic carbon, derived
from biomass burning, can also be signiﬁcant at lower
wavelength (ultraviolet region) of the spectrum in particular
when it contains humic-like substances (HULIS) and brown
carbon (Andreae and Gelencser, 2006; Kirchstetter et al.,
2004). Brown carbon (consisting of macro molecular compounds) is neither fully scattering nor absorbing; instead its
absorption properties are between the two extreme values.
These compounds are mainly derived from the smoldering
combustion and residential coal combustion (Andreae and
Gelencser, 2006; Graber and Rudich, 2006). In a recent study,
Yang et al. (2009) have suggested that the mass absorption
efﬁciency (MAE) of brown carbon (0.5 m2 g− 1) is ∼20 times
lower than that of BC (10 m2 g− 1). It is also reported that
brown carbon (in coal-derived environment) can contribute
to ∼ 30% of total absorption and over 10% in mid-visible region
of the spectrum. It is, thus, suggested that organic aerosols
produced from biomass burning could be a signiﬁcant source
of absorption at the study site (Kanpur) and needs to be
quantiﬁed in order to understand their contribution to the
estimation of direct aerosol radiative forcing.
4.2. Temporal variability of chemical and optical parameters

Fig. 1. Scatter plot between optical-attenuation (ATN) and ECs concentration
(μg C cm−2) at Kanpur during the sampling period (Jan 2007–Feb 2008)
indicating linear dependence of ATN on ECs concentration. Data points (shown
by ﬁlled circles) with ECs N 8 μg C cm− 2 (vertical dashed line) and ATN N 180
(horizontal dashed line) are not considered for the regression analysis.

The temporal variability in BC, EC mass concentrations,
BC/EC ratio and optical parameters (bATN and σATN) at an
urban site (Kanpur) is shown in Fig. 2. The horizontal dashline drawn at a value of 20.7 m2 g− 1 in Fig. 2(a) represents
attenuation cross-section (obtained from Fig. 1); and that in
Fig. 2(c) represents the equivalence line between BC and EC
mass concentration. As evident from Fig. 2, the attenuation
cross-section (σATN) is signiﬁcantly higher during summer
and post-monsoon months (April to November) compared to
that during wintertime (Dec to late Feb). The temporal
variability in σATN can be interpreted in terms of the mixing
state of aerosols and its source from local biomass burning
and vehicular exhausts (Martins et al., 1998; Schwarz et al.,
2008). The lower values of σATN could result from freshly
emitted EC and external mixing of aerosols. The shallow
boundary layer height decreases the vertical mixing of
aerosols and, thus, leads to an external mixing during winter
months (Dey et al., 2008). The internal mixing state of
aerosols is favoured during summer and post-monsoon
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Fig. 2. The temporal variability in the chemical and optical parameters at Kanpur: (a) attenuation cross-section (sATN-ECOC) (b) attenuation coefﬁcient (bATN-ECOC)
(c) BC/EC ratio and (d) BC and EC mass concentrations. No samples were collected during the monsoon season (July–Sept). Note that the horizontal dashed-line
in Fig. 2(a) represents the attenuation cross-section value of 20.7 m2g–1 obtained from Fig. 1 whereas the equivalence line between BC and EC mass
concentrations is shown in Fig. 2(c).

months (Dey et al., 2008). The formation of secondary organic
aerosols (due to increase in photochemical activity) and
enhanced vertical mixing are the likely causes for the internal
mixing state of aerosols and, hence, resulting in higher σATN
during summer months.
The concentrations of EC and BC measured on EC–OC
analyzer and Aethalometer are presented in Table 1. The EC
concentration shows a large temporal variability and ranges
from 0.7 to 14.4 μg C m−3 (Fig. 2d) during the sampling period
(Jan 2007–Feb 2008). However, we restrict the discussion to
the inter-comparison of EC and BC whenever simultaneous
measurements have been made. The BC and EC concentrations
show a linear trend (R2 = 0.62, n = 32); but BC concentration
is ∼20% higher compared to EC (Fig. 3a). The BC/EC ratio
varied from 0.6 to 1.9, with an average value centering close to
1.1 ± 0.4 for these samples. Stone et al. (2007) have reported
that EC concentrations are highly correlated with the
Aethalometer BC (R2 = 0.968), but the slope (i.e. EC/BC
ratio) is less than unity. A number of studies report on EC
concentrations to be lower than BC (Husain et al., 2007; Jeong
et al., 2004). Likewise, EC concentrations higher than BC have
also been reported in literature (Allen et al., 1999; Babich et al.,
2000; Bae et al., 2007; Lavanchy et al., 1999).
4.3. Inter-comparison of the measured parameters based on
thermal and optical methods
As stated earlier, the linear relationship between ECs
concentration (μg C cm−2) and ATN measured on thermooptical EC–OC analyzer sets the basis for the determination of

attenuation coefﬁcient (bATN–ECOC, Eq. (1)). The bATN–ECOC varied
from 23.4 to 117.8 Mm−1 (Fig. 2b; 1 Mm−1 = 10−6 m−1) with
higher values typical of wintertime (Dec–Feb) and lower values
occurring during summer months (April–June). The Aethalometer and EC–OC analyzer based bATN data, for the sampling
period (Jan–2007 to Feb–2008), are summarized in Table 1 and
inter-comparison plot is shown in Fig. (3b). In case of
Aethalometer, bATN–Aeth is obtained by multiplying the BC
mass concentration (at 880 nm) with σATN (i.e. 16.6 m2 g− 1)
using Eq. (2); whereas bATN–ECOC is derived from the measured
ATN at 678 nm for every individual sample using Eq. (1). Also,
bATN–ECOC at 678 nm is corrected for 880 nm in order to make
inter-comparison with Aethalometer based data. The bATN, as
determined by the two analytical techniques, is well within the
measurement uncertainties and observed difference is similar
to those reported in the literature. For example, Snyder and
Schauer (2007) have reported that absorption coefﬁcient
measured by the two widely used optical instruments,
Aethalometer and Particle Soot Absorption Spectrometer
(PSAP), shows a good agreement but Aethalometer based
values are ∼30% higher than those measured on PSAP. This
study provides a direct method for the simultaneous determination of attenuation coefﬁcient (bATN) and EC concentration in
atmospheric aerosols. Also, the simultaneous measurements of
ATN and EC concentration from EC–OC analyzer can be
extended to other sampling sites in order to infer the ‘sitespeciﬁc’ σATN values on a regional scale, which in turn has
implication to estimation of direct aerosol radiative forcing.
The difference between BC and EC mass concentrations
(Fig. 3a) can be understood based on their deﬁnition and
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Table 1
Measured values of EC and BC mass concentration during the sampling
period (Jan 2007–Feb 2008) at Kanpur. The attenuation coefﬁcient (bATN,
1 Mm−1 = 10−6 m−1) measured by two instruments are reported at 880 nm
wavelength.
Sampling dates

17-Jan-07
22-Jan-07
2-Feb-07
22-Feb-07
27-Feb-07
9-Mar-07
12-Mar-07
25-Mar-07
3-Apr-07
6-Apr-07
9-Apr-07
18-Apr-07
21-Apr-07
24-Apr-07
27-Apr-07
30-Apr-07
3-May-07
9-May-07
12-May-07
18-May-07
24-May-07
30-May-07
2-Jun-07
5-Jun-07
31-Oct-07
1-Dec-07
4-Dec-07
4-Jan-08
28-Jan-08
12-Feb-08
18-Feb-08
27-Feb-08

EC

BC

bATN–ECOC

bATN–Aeth

μg m−3

μg m−3

Mm−1

Mm−1

6.9
5.2
6.2
2.9
5.7
4.0
3.4
6.2
1.3
3.2
3.3
2.9
4.9
2.4
2.1
2.4
2.3
1.7
2.2
2.0
1.0
2.3
2.0
1.5
4.6
4.8
4.1
7.2
6.7
7.3
4.9
5.3

11.0
8.9
8.8
5.3
5.0
3.4
2.4
3.6
1.3
1.6
1.8
1.7
3.5
3.2
4.1
2.4
3.6
2.4
2.2
2.6
1.4
3.1
2.0
1.5
5.5
8.1
4.3
10.0
9.5
5.8
8.8
3.6

79.7
58.7
80.0
51.7
62.4
66.5
56.8
62.4
30.2
63.0
64.7
45.1
68.2
41.9
42.3
45.0
49.1
41.2
35.9
45.1
23.4
43.9
35.4
27.5
95.2
117.8
100.0
79.4
72.7
46.2
43.4
69.4

182.6
148.0
146.5
87.3
82.5
56.3
40.3
59.7
22.3
26.7
29.6
28.1
58.7
53.4
68.4
39.8
59.2
40.3
35.9
43.7
23.3
50.9
33.0
24.3
91.7
134.4
71.8
166.0
157.2
96.5
146.0
59.2

measurements using different analytical techniques. Also, the
sources, composition, aging and mixing state of aerosols may
lead to changes in the chemical and optical properties of
aerosols and, hence, in the measurement of LAC mass
concentration via optical methods. The EC fraction is chemically
inert and is converted to CO2 in an oxidizing medium during its
measurement on EC–OC analyzer; whereas BC represents the
absorbing component of aerosols and does not distinguishes
the presence of any other absorbing species at a given
wavelength (Andreae and Gelencser, 2006; Bond and Bergstrom, 2006). It is relevant to state that the measurement of EC
by thermo-optical method may also lead to disagreement due
to the difference in the analytical protocols (involving different
temperature steps), type of aerosol particles and precise
determination of the split-point between EC and OC. Schauer
et al. (2003) had reported that the precision for EC measurement ranged between 6 and 21% when surface EC loading was
in the range of 0.7–8.4 μg C cm− 2 during ACE–Asia intercomparison study. Recently, Bae et al. (2007) have reported a
good agreement (slope = 1.05 ± 0.15; R2 = 0.98) between EC
measurements performed using two different protocols (in one
case use of six different temperature steps and in other case
only two temperature steps are used for sample heating under
oxidizing medium, 98% He+ 2% O2). Although EC and BC are
deﬁned on the basis of their chemical and optical properties

Fig. 3. (a) A comparison between BC and EC mass concentrations determined
from the Aethalometer and the EC–OC analyzer and (b) represents intercomparison of the attenuation coefﬁcient derived from the optical (the
Aethalometer, bATN–Aeth) and thermo-optical methods (the EC–OC analyzer,
bATN–ECOC). The data points (open circles) collected during winter season
(Dec–Feb) are not been considered in the regression analysis.

respectively, both represent the LAC mass. The measurements
reported in the literature show signiﬁcant correlation and
average BC and EC concentrations agree reasonably well within
the standard deviation of the data (Reisinger et al., 2008).
The temporal variability in BC/EC ratio during the
sampling period is presented in (Fig. 2c). The relatively high
BC concentrations observed during wintertime (Dec–Feb)
and post-monsoon (Oct–Nov) are attributed to the enhanced
biomass burning activity. Badarinath et al. (2009) have
reported on the transport of airborne BC from burning of
agriculture-waste within the Indo-Gangetic Plain (IGP). It is
suggested that biomass burning derived organic compounds
containing humic-like substances (HULIS) and brown carbon
can be an important absorber at lower wavelengths (Andreae
and Gelencser, 2006; Kirchstetter et al., 2004). The measured
BC and EC agree reasonably well for summer samples, with
some of the BC values lower than that of EC (Tables 1 and 2).
This is somewhat surprising as the abundance of mineral dust
is relatively high in summer (Chinnam et al., 2006) and could
result in higher absorption (Bodhaine, 1995). Recently, Zhang
et al. (2008) have reported that absorption coefﬁcient and EC
shows a good correlation (r = 0.96) but BC values are ∼20%
higher than EC and have attributed excess absorption due to
mineral dust.
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Table 2
Monthly averaged values of EC and BC mass concentrations during the sampling period (Jan-2007–Feb 2008) at Kanpur. The attenuation coefﬁcient (bATN,
1 Mm−1 = 10−6 m−1) values measured by the two instruments are given at 880 nm wavelength whereas σATN-ECOC values are at 678 nm.
EC–OC analyzer
n

3
3
6
9
7
3
3
3
3
4

Months

Jan-07
Feb-07
Mar-07
Apr-07
May-07
Jun-07
Oct-07
Dec-07
Jan-08
Feb-08

Aethalometer

bATN–ECOC

EC

bATN–Aeth

BC

Mm−1

μg C m− 3

Mm−1

μg C m− 3

72.3 ± 11.8
64.7 ± 14.3
54.0 ± 15.8
49.2 ± 12.9
38.6 ± 8.9
36.9 ± 10.2
84.6 ± 9.6
101.2 ± 16
79.2 ± 6.4
50.5 ± 12.7

5.5 ± 1.3
4.9 ± 1.8
4.0 ± 2.2
2.7 ± 1.0
1.8 ± 0.5
2.0 ± 0.5
3.6 ± 0.9
4.6 ± 0.4
6.5 ± 0.9
5.6 ± 1.1

191 ± 48
105 ± 36
55 ± 13
47 ± 24
44 ± 12
53 ± 42
126 ± 33
137 ± 67
196 ± 61
140 ± 87

11.5 ± 2.9
6.4 ± 2.1
3.3 ± 0.8
2.8 ± 1.4
2.7 ± 0.7
3.2 ± 2.5
7.6 ± 2.0
8.3 ± 4.0
11.8 ± 3.6
8.4 ± 5.2

The relatively high BC/EC ratios can result due to the use of
lower σATN in the Aethalometer based BC measurements. In
fact, the value of σATN (i.e. 20.7 m2 g− 1; Fig. 1) obtained in
this study (based on EC–OC analyzer) is ∼25% higher than
that used in the Aethalometer at 880 nm (i.e.16.6 m2 g− 1).
Although, linear regression plot between ATN and ECs
concentration yields a value of 20.7 m2 g− 1 for σATN at
Kanpur; the individual values calculated by dividing ATN
with ECs and R(ATN) show large variability (range: 10.1 to
38.0 m2 g−1; Fig. 2a). The correction for shadowing effect,
represented by R(ATN), is made using an equation described
by Weingartner et al. (2003). Jeong et al. (2004) had reported
that BC concentration measured (using Aethalometer) correlates well with that of EC (measured using Sunset Lab's EC–OC
analyzer) for the samples collected from Rochester
(R2 = 0.84) and Philadelphia (R2 = 0.60); but slope of the
linear-ﬁt for BC and EC data are 3.3 ± 0.2 and 2.7 ± 0.1,
respectively. These studies suggest that the constant value of
σATN (i.e.16.6 m2 g− 1) used in Aethalometer needs to be
modiﬁed to 54.8 m2 g− 1 for the measurements made at
Rochester and to 44.2 m2 g− 1 at Philadelphia. In a similar
study, Bae et al. (2007) have reported that EC concentrations

BC/EC ratio

σATN-ECOC
m2 g−1

2.2 ± 0.9
1.4 ± 0.5
1.2 ± 0.9
1.1 ± 0.7
1.5 ± 0.5
1.5 ± 0.9
2.0 ± 0.9
1.8 ± 0.8
1.9 ± 0.9
1.6 ± 1.2

19.3 ± 3.0
21.6 ± 5.4
22.2 ± 6.6
27.4 ± 4.1
30.8 ± 3.6
25.9 ± 0.3
32.3 ± 1.8
33.1 ± 8.3
18.0 ± 2.0
13.8 ± 4.2

are higher than BC and EC/BC ratio ranges from 1.23 to 1.6 and
demonstrate that the observed disagreement arises due to
the variability in σATN of BC. The data reported in this study, as
well as those reported in the literature (Bond and Bergstrom,
2006; Liousse et al., 1993), suggest that σATN can vary from
sample to sample as well as from site to site depending on the
source and composition of aerosols. The use of ‘site-speciﬁc’
σATN is, thus, necessary in order to assess the BC mass
concentration from widely used optical methods (Sharma
et al., 2002; Watson and Chow, 2002).
4.4. Diurnal variability in Aethalometer based BC mass
concentrations
The typical diurnal variability in BC mass concentrations
for three selected days; 2-June-07 (summer), 31-Nov-2007
(post-monsoon) and 1-Dec-2007 (winter) is presented in
Fig. 4. These data clearly points at two important results; the
seasonal variability and the diurnal pattern of BC mass
concentration. The BC mass concentrations during postmonsoon and wintertime are 2 to 4 times higher compared
to those in summer. The seasonal variability in BC mass
concentration (Fig. 4) can be understood in terms of
variability in the source strength and boundary layer
dynamics. The enhanced emissions from agriculture-waste
and biomass burning during wintertime increase the organic
aerosol loading (Ram and Sarin, 2010). Furthermore, relatively low ambient temperatures and shallow boundary layer
height (typically 500 m) decrease the vertical mixing and
help in efﬁcient trapping of aerosols and thus, lead to an
increase in the mass concentration of chemical species during
winter season. In contrast, relative decrease in the biomass
burning; higher temperatures and increase in the boundary
layer height enhance the vertical mixing and lead to a
decrease in the abundance of chemical species.
5. Conclusions

Fig. 4. The diurnal variability of BC mass concentration measured using the
Aethalometer (at 880 nm) for the three selected days: 2-June-07 (summer),
31-Nov-2007 (post-monsoon) and 1-Dec-2007 (winter). No samples are
collected during monsoon period (July–September).

The successful application of thermo-optical method, using
EC–OC analyzer, for the determination of attenuation coefﬁcient (bATN) and attenuation cross-section (σATN) of airborne EC
in an urban environment is reported here. Using EC–OC
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analyzer, attenuation cross-section (σATN = 20.7 m2 g− 1) at the
sampling site (Kanpur in northern India) is about 25% higher
than that used in the Aethalometer (16.6 m2 g− 1) and BC
concentration is also higher by same order compared to EC. The
use of site-speciﬁc σATN is also desirable for the systematic
monitoring of BC concentration by Aethalometer. The signiﬁcant difference in BC and EC mass concentrations requires
systematic seasonal and spatial data in order to assess the
nature of black carbon derived from coal-based industries,
agriculture-waste burning and vehicular exhausts.
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