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We compare the mass concentrations of black carbon (BC) and elemental carbon (EC) from different emissions in the IndoGangetic Plain (IGP), using optical (Aethalometer; 880 nm) and thermooptical technique (EC-OC analyzer; 678 nm), respectively.
The fractional contribution of BC mass concentration measured at two different channels (370 and 880 nm), OC/EC ratio, and nonsea-salt K+ /EC ratios have been systematically monitored for representing the source characteristics of BC and EC in this study.
The mass concentrations of BC varied from 8.5 to 19.6, 2.4 to 18.2, and 2.2 to 9.4 𝜇g m−3 during October-November (paddy-residue
burning emission), December–March (emission from bio- and fossil-fuel combustion) and April-May (wheat-residue burning
emission), respectively. In contrast, the mass concentrations of EC varied from 3.8 to 17.5, 2.3 to 8.9, and 2.0 to 8.8 𝜇g m−3 during
these emissions, respectively. The BC/EC ratios conspicuously greater than 1.0 have been observed during paddy-residue burning
emissions associated with high mass concentrations of EC, OC, and OC/EC ratio. The Ångström exponent (𝛼) derived from
Aethalometer data is approximately 1.5 for the postharvest agricultural-waste burning emissions, hitherto unknown for the IGP.
The mass absorption efficiency (MAE) of BC and EC centers at ∼1–4 m2 g−1 and 2-3 m2 g−1 during the entire study period in the
IGP.

1. Introduction
Black carbon (BC) and elemental carbon (EC) are primary
constituents of atmospheric aerosols produced from incomplete combustion of fossil fuel vis-à-vis biomass burning
emission [1]. The atmospheric significance of BC and EC
is due to their potential light absorption characteristics and
recognition as a driver of the global warming demands for
their spatial distribution and temporal variability records [2,
3]. Furthermore, the assessment of global climate change also
reports a large uncertainty in the estimation of aerosol radiative forcing, arising mainly due to complexity in absorbing
and scattering particles characteristics [4]. In addition, the
impact of these light-absorbing aerosols on Indian summer
monsoon and heating rates of the elevated regions of the
Himalayan-Tibetan plateau has been realized [5, 6]. Thus, the
records on atmospheric variability of BC as well as EC are

significantly important for assessing its impact on climate. A
couple of earlier studies suggest the assessment of the role
of organic aerosols when assessing the impact of absorbing
aerosols (BC, EC) on the radiative forcing estimations [2, 7].
To assess the characteristics of BC and EC from various kinds
of biomass burning emissions, we have conducted a campaign
from a source region in the Indo-Gangetic Plain (IGP).
The terminology of black carbon and elemental carbon
(BC, EC) has originated from their measurement technique.
The BC refers to the light-absorbing part of the carbonaceous
aerosols and is determined using optical method. In contrast,
the EC is a refractory constituent of the aerosols and is
determined using thermooptical technique under oxidizing
condition. In this study, we also adhere to this conventional terminology and report that BC concentrations are
measured optically by Aethalometer at 880 nm, whereas EC
concentrations are measured using thermooptical method on

2
EC-OC analyzer at 678 nm. The optical method monitors
the attenuation of light through aerosol-loaded filter at a
given wavelength (here 880 nm by Aethalometer) and uses
a constant attenuation cross section (𝜎ATN ) of 16.6 m2 g−1
to determine the BC mass concentrations. However, several
studies have addressed the issue on the spatial variability of
𝜎ATN [8–11]. In contrast, the thermooptical method (EC-OC
analyzer at 678 nm) determines the mass concentrations of
organic and elemental carbon (OC, EC) in aerosols based on
their chemical properties [10, 11].
The main objective of this study is to assess the characteristics of elemental and black carbon (EC and BC) based
on their mass absorption efficiency (MAE). The fractional
contribution of BC at 370 nm and 880 nm exhibits a typical
signature of biomass burning emission during the paddyand wheat-residue burning. In contrast, during wintertime
the BC from mixed sources (fossil-fuel combustion and
biomass burning) is observed. A similar characteristic for
EC is also observed based on the chemical tracers such as
the OC/EC and nss-K+ /EC ratios (non-sea-salt: nss-K+ ). Our
study shows that BC/EC ratios are conspicuously greater than
1 during the postharvest paddy-residue burning emission
(associated with relatively high concentration of EC, OC,
and OC/EC ratio). Furthermore, we document the Ångström
exponent (𝛼) for entire range (370–950 nm) utilizing the
Aethalometer data and also provide the absorption coefficient
(𝑏abs ) and mass absorption efficiency (MAE: 𝜎abs ) of these
absorbing aerosols (BC and EC) for the study period from
October 2008 to May 2009 in the IGP.

2. Materials and Methods
2.1. Site Description. The sampling site at Patiala (30.2∘ N;
76.3∘ E; 250 m above mean sea level) is located upwind of
major population and industrial polluting sources in the
Indo-Gangetic Plain (IGP; Figure 1). The site is strategically
surrounded by agricultural fields (nearest distance ∼1 km)
and located in the state of Punjab, where over 84% of the
land area is in use under the cultivation [12]. The present
study has been carried out from October 2008 to May 2009.
The entire study period from October to May is subdivided
into three emission phases: October-November, referred to
as postmonsoon, is influenced by emissions from postharvest paddy-residue burning; December–March, referred to
as wintertime, is dominated by emissions from biofuel
burning and fossil-fuel combustion [13]. Furthermore, the
wintertime period in the IGP is associated with shallower
atmospheric boundary layer and fog formation events. The
time period from April to May, referred to as premonsoon, is
influenced by postharvest wheat-residue burning emissions
[13]. The period from June to September (SW-monsoon) is
associated with frequent rain events that keep the ambient
atmosphere relatively clean. For further details related to the
site description, reference is made to our earlier publications
[13, 14]. The important information on the assessment of
emission budget of carbonaceous species (EC, OC, and polycyclic aromatic hydrocarbons) and determination of organic
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Figure 1: Map showing the sampling site at Patiala in the IndoGangetic Plain (IGP) in Northern India.

mass-to-organic carbon (OM/OC) ratio for these aerosol
samples has been documented elsewhere [15, 16].
2.2. Methodology. The mass concentrations of BC from the
sampling site at Patiala were determined by an Aethalometer
(model: AE-31, Magee Scientific, USA). It monitors the
optical attenuation (absorbance) of light at seven wavelengths
(370, 470, 520, 590, 660, 880, and 950 nm) with a typical halfwidth of 20 nm [17]. However, the BC mass concentration
is assessed at 880 nm wavelength. While determining the
BC mass concentration using Aethalometer, the change in
attenuation of light passing through the filter is monitored
for a given interval of time. Assuming that BC is the only
absorbing component in the atmospheric aerosols, a linear
relationship of BC mass concentration with the change
in attenuation of light is used to determine the BC mass
concentration [8, 18]. In this study, the attenuation signal has
been integrated for 5 minutes and flow rate was maintained at
3.4 L min−1 . The analytical uncertainty in BC measurements
is ∼±2% (as reported in the manual). However, it has also
been reported that sometimes the BC mass concentrations
can be overestimated due to presence of other absorbing
aerosols in the atmosphere [19]. More details on the analytical
technique of the Aethalometer can be found elsewhere [20,
21]. The Aethalometer uses a constant attenuation cross section (𝜎ATN ) of 16.6 m2 g−1 , in determining the BC mass concentrations. The attenuation coefficient (𝑏ATN-AETH ; Mm−1 )
of BC from Aethalometer (at 880 nm) can be represented
mathematically by the following equation:
𝑏ATN-AETH = BC (𝜇g/m3 ) × 16.6 (m2 /g) .

(1)

For the simultaneous determination of EC mass concentration from the same site, the ambient aerosols with
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aerodynamic diameter less than 2.5 𝜇m (PM2.5 ) were collected onto the precombusted tissuquartz filters by filtering
ambient air at a flow rate of ∼1.2 m3 min−1 using a high
volume sampler (Thermo Scientific). During the first phase
(October-November) of sampling, aerosols were collected
for nearly 24 h continuously, whereas, during rest of the
period, the sampling was integrated for 10–12 h for adequate
aerosol collection. The EC mass concentrations were determined from a filter aliquot (1.5 cm2 rectangular punch) using
EC-OC analyzer (model 2000, Sunset Laboratory, USA),
by NIOSH (National Institute for Occupational Safety and
Health) thermooptical transmittance (TOT) protocol [22,
23]. Briefly, employing the thermooptical method on ECOC analyzer, the organic carbon (OC) and elemental carbon
(EC) are oxidized to CO2 separately, by heating the aerosol
sample in inert (helium) and oxidizing conditions (helium
+ oxygen), respectively. Subsequent conversion of CO2 to
methane (CH4 ) by a methanator facilitates the quantification
of OC and EC using a flame ionization detector (FID). The
simultaneous monitoring of optical attenuation (ATN) from
a laser source (at 678 nm) determines the split point between
OC and EC and facilitates the correction for pyrolyzed
carbon. Duplicate analysis of aerosols (𝑛 = 45) provided
the uncertainty on OC and EC measurements to be within
±3% and ±7%, respectively [13]. Analytical accuracy in determining total carbon is assessed by analyzing known amount
of potassium hydrogen phthalate (KHP) solution (𝑛 = 16);
the average ratio of measured carbon to expected carbon is
1.05 ± 0.04 (Av ± sd). Analysis of several field-based samples
(𝑛 = 10), spiked with sucrose, further ascertained the OC-EC
split point and provides uncertainty on OC measurements
of ±10% at most. The optical attenuation (ATN, a unitless
parameter) of EC at 678 nm can be represented by the
following equation:
𝐼
ATN = ln ( 0 ) .
𝐼

(2)

The attenuation coefficient from EC-OC analyzer
(𝑏ATN-ECOC ; Mm−1 ) can be estimated from the ATN signal
measured at 678 nm using the following equation:
𝐴
𝑏ATN-ECOC (Mm−1 ) = ATN × ( ) .
𝑉

(3)

The terms 𝐴 and 𝑉 represent the aerosol loaded tissuquartz filter area (400 × 10−4 m2 for present study) and
volume of air filtered for each sample collection (m3 ), respectively. The attenuation cross section (𝜎ATN-ECOC , m2 g−1 ) can
be directly obtained by correcting the measured ATN signal
for shadowing effect [𝑅(ATN); explained later] and dividing
by the EC concentration per unit area of the quartz filter (EC𝑆
in 𝜇g cm−2 ; surface loading of EC) as shown in the following
equation:
𝜎ATN-ECOC = (

ATN
).
𝑅 (ATN) ∗ EC𝑆

(4)

The absorption coefficient of EC (𝑏abs-ECOC , Mm−1 ; 1𝑀 =
10 ) is calculated by the following equation:
−6

𝑏abs-ECOC = (

𝐴
ATN
∗
),
𝑉 𝑅 (ATN) ∗ 𝐶

(5)

where 𝐶 and 𝑅(ATN) are the two empirical constants to correct the measured absorption signal for multiple scattering
and shadowing effects, respectively. The value of 𝑅 = 1 and
𝐶 = 2.827 has been adopted as the correction factor for
shadowing and multiple scattering effects for EC, respectively
[24, 25].
Furthermore, the mass absorption efficiency of EC (MAE
in m2 g−1 ; 𝜎abs-ECOC ) is calculated by the following equation:
MAE = (

𝑏abs
).
EC (𝜇g m−3 )

(6)

It is important to state here that (5) and (6) are also
applicable for BC, since filter substrate is of quartz fiber. For
Aethalometer data, the values of 𝑅 = 1 and 𝐶 = 2.355,
2.656, 2.677, 2.733, 2.827, 2.933, and 2.925 have been used for
seven wavelengths (370, 470, 520, 590, 660, 880, and 950 nm)
[24, 25].

3. Results and Discussion
The temporal variability records in the mass concentrations of
BC and EC and the BC-to-EC ratio are shown in Figures 2(a)
and 2(b). The primary objective of this study is to assess the
characteristics of elemental and black carbon (EC and BC)
based on their mass absorption efficiency (MAE). This study
has been conducted from an upwind site in the Indo-Gangetic
Plain. The source characteristics of BC and EC are discussed
below.
3.1. Aethalometer-Based BC. The average concentrations of
BC are 15.4, 8.5, and 4.2 𝜇g m−3 during the paddy-residue
burning emissions (October-November), bio- and fossil-fuel
combustion, and wheat-residue burning emission, respectively. To assess the impact of different emission sources
on Aethalometer-based BC at the measurement site, we
have utilized a literature based approach [26, 27]. Basically,
the method utilizes the percentage difference of BC mass
concentrations measured at two different channels [i.e.,
(BC370 –BC880 )/BC880 ]. The positive ratio is indicator for the
dominant contribution of biomass burning emissions [26].
Whereas, the negative ratio suggests for the dominant contribution of fossil-fuel combustion sources [27]. In our study,
as evident from Figure 2(c), the (BC370 –BC880 )/BC880 ratio
is positive for almost all the data points during the paddyresidue burning emission (October-November) and wheatresidue burning emission (April-May). During wintertime
(December–March), this ratio varying between positive and
negative indicates for the mixed contribution from fossilfuel combustion sources and biomass burning emissions to
BC mass concentration. A recent study has also estimated
the percentage difference of BC mass concentration at two
different stations during wintertime in India namely Delhi
and Manora peak [28]. Their study reports positive ratio of
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Figure 3: The spectral variation of averaged absorption coefficient
(𝑏abs ) of BC during different emissions in this study.
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Figure 2: Temporal variability in the: (a) mass concentrations of BC
and EC; (b) BC-to-EC ratio and; (c) percentage contribution of BC
measured at 370 nm and 880 nm for different emissions during the
study period from October 2008 to May 2009.

(BC370 –BC880 )/BC880 at both the stations during wintertime
and attributes to dominant contribution of biomass burning
emissions.
The variation of spectral absorption coefficient (𝑏abs )
of BC during different emissions is shown in Figure 3. A
power law is preferentially used to express the wavelength (𝜆)
dependence of absorption coefficient (𝑏abs ), as follows:
𝑏abs ∝ 𝜆−𝛼 .
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The Ångström exponent (𝛼) is determined empirically
using the Aethalometer based 𝑏abs at multiwavelength (370–
950 nm), from the power law (7), serving for comparison with
other studies. In this study, the value of 𝛼 is found to be
1.52 for paddy-residue burning emission, 1.25 for emissions
from bio- and fossil-fuel combustion, and 1.32 from the
wheat-residue burning emission in the Indo-Gangetic Plain.
This information is hitherto unknown in the literature. In
an earlier study [29], the authors report 𝛼 value of 1.02
from a downwind location at Kanpur in the IGP. Another
study distinguishes aerosol source based on differences in
the wavelength dependence in light absorption [30]. The
study reports for light absorption varying approximately as
𝜆−1 (weak wavelength dependence) by the vehicular aerosols,
indicating for BC to be the dominant absorbing component.
In contrast, the aerosols from savanna biomass burning were
found to have much stronger wavelength dependence, nearly
𝜆−2 [30]. Literature based values suggest that 𝛼 varies from
1 to 2.9 for BC derived from residential bio-fuel [31]. From
our study in the Indo-Gangetic Plain, we document that
light absorption by aerosol from postharvest agriculturalwaste burning emissions exhibits wavelength dependence of
approximately 𝜆−1.5 .
3.2. EC-OC Analyzer Based EC. The organic carbon (OC)
and non-sea-salt potassium (nss-K+ , a tracer of the biomass
burning emission; Table 1) have been determined to assess
diagnostic ratios of OC/EC and nss-K+ /EC in these emissions. The K+ concentrations measured in aerosols using
Ion-Chromatograph [23] have been corrected for the contribution from sea salts using the Na+ tracer method and
represented as nss-K+ [32]. The PM2.5 concentrations varied
from 110 to 390 𝜇g m−3 during October-November during
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Table 1: Ambient concentration and optical characteristics of black carbon (BC) and elemental carbon (EC) from different emissions in the
Indo-Gangetic Plain (IGP).
Concentration
(𝜇g m−3 )
BC
EC
OC/EC
nss-K+ /EC
BC/EC
𝑏abs-AETH (at 880 nm)
𝑏abs-ECOC (corrected for 880 nm)
𝑏abs-AETH /𝑏abs-ECOC

Paddy-residue burning
Bio- and fossil-fuel combustion
(October-November; 𝑛 = 33)
(December–March; 𝑛 = 28)
8.5–19.6 (15.4 ± 3.0)
2.4–18.2 (8.5 ± 3.9)
3.8–17.5 (7.3 ± 2.7)
2.3–8.9 (5.3 ± 1.6)
Characteristic ratios [range (Arithmetic average ± stdev)]
4.6–25.7 (13.0 ± 4.6)
1.9–10.1 (5.6 ± 2.1)
0.2–2.0 (0.8 ± 0.4)
0.1–0.8 (0.3 ± 0.2)
1.0–3.4 (2.2 ± 0.6)
0.9–2.9 (1.6 ± 0.6)
8–18 (13 ± 3)
7–64 (27 ± 17)
8–55 (15 ± 9)
8–28 (15 ± 5)
0.3–1.6 (1.0 ± 0.3)
0.3–5.7 (2.0 ± 1.6)

the postharvest paddy-residue burning emissions and 18
to 123 𝜇g m−3 during the wheat-residue burning emissions
(April-May). The average concentration of OC is 92 𝜇g m−3
during the paddy-residue burning emission and 15 𝜇g m−3
during the wheat-residue burning emission. The PM2.5 concentrations varied from 33 to 220 𝜇g m−3 and OC varied from
9 to 58 𝜇g m−3 during the bio- and fossil-fuel combustion
period (December–March). The average concentrations of
EC are 7.3, 5.3, and 3.9 𝜇g m−3 during October-November,
December–March, and April-May, respectively (Table 1). The
OC/EC ratio varied from 4.6 to 25.7 (Av: 13.0) during
paddy-residue burning emission, 1.9 to 10.1 (Av: 5.6) during
bio- and fossil-fuel combustion, and 2.5 to 6.5 (Av: 4.0)
for the wheat-residue burning emission. The large temporal
variability in the concentrations of particulate species and
OC/EC ratio during the first (October-November: paddyresidue burning period) and third emission periods (AprilMay: wheat-residue burning) is attributable to the difference
in the type of two biomass burning emissions and their source
strength. Furthermore, the moisture contents in the two
biomasses burned are also significantly different: moisture
content of paddy-residue is 40–50% and wheat-residue is
<5% [13]. However, during December–March, the variability
in OC/EC ratio is attributable to varying contributions from
bio-fuel burning emission and fossil-fuel combustion sources
in the Indo-Gangetic Plain. Furthermore, the nss-K+ /EC
ratio varied from 0.2 to 2.0 (Av: 0.8), 0.1 to 0.8 (Av: 0.3),
and 0.2 to 0.8 (Av: 0.4) during these emissions. The K+ /EC
ratios varying from ∼0.1 to 0.6 have been reported earlier
for characterization of different kinds of biomass burning
emissions [33]. In this study, the nss-K+ /EC average ratio
of ∼0.4–0.8 is suggested to represent the biomass burning
emissions in the Indo-Gangetic Plain.
3.3. Intercomparison of BC and EC. The mass concentrations of BC and EC varied from 2.2 to 19.6 𝜇g m−3
and from 2.0 to 17.5 𝜇g m−3 , respectively, during the entire
study period from October 2008 to May 2009. The mass
concentrations of BC and EC exhibit near similar trends
in seasonal variability with maximum during the paddyresidue burning and minimum during the wheat-residue

Wheat-residue burning
(April-May; 𝑛 = 10)
2.2–9.4 (4.2 ± 2.7)
2.0–8.8 (3.9 ± 2.6)
2.5–6.5 (4.0 ± 1.1)
0.2–0.8 (0.4 ± 0.2)
0.8–1.2 (1.0 ± 0.1)
11–28 (16 ± 6)
7–20 (13 ± 5)
1.0–1.5 (1.2 ± 0.2)

burning emission. However, a significant difference in the
concentrations of BC and EC measured by two different
techniques was observed, in particular, during the paddyresidue burning emission (October-November). The difference between mass concentrations of BC and EC was
relatively low (compared to paddy-residue burning) during
wintertime (December–March), when emissions from biofuel burning and fossil-fuel combustion dominate in the
Indo-Gangetic Plain (Table 1). Thus overall, during these two
emission scenarios, the BC mass concentrations were always
higher than the EC concentrations. In sharp contrast, the
mass concentrations of BC and EC were quite similar during
the wheat-residue burning period (April-May). The BC-toEC ratio was 2.2 ± 0.6 during paddy-residue burning period,
1.6 ± 0.6 during emissions from bio-fuel burning and fossilfuel combustion, and approach to unity (1.0 ± 0.1) during the
wheat-residue burning period (Figure 2(b)). An earlier study
[34] has suggested that the NIOSH type protocol operated at
850∘ C during the OC-EC split could lead to underestimation
of EC up to ∼25%. It is noteworthy to mention that even after
correcting the measured concentration of EC by 25%, the BCto-EC ratio becomes 1.8 ± 0.5, 1.2 ± 0.5, and 0.8 ± 0.1 during
the aforementioned three consecutive emissions. Thus, the
BC/EC ratios conspicuously greater than 1 in particular
during paddy-residue burning emissions suggest assessing
the contribution of light-absorbing organic aerosols in the
IGP.
The scatter plots between BC/EC and OC/EC ratios
are shown for different emissions in the IGP (Figures 4(a),
4(b), and 4(c)). During the paddy-residue burning emission
(October-November), when OC/EC average ratio is 13.0±4.6
[average OC: 92 𝜇g m−3 ; EC: 7.3 𝜇g m−3 ], the BC/EC average
ratio is 2.2 ± 0.6 (𝑅 = 0.49; 𝑃 < 0.01, Figure 4(a)). During
wintertime (December–March), when emission from biofuel burning and fossil-fuel combustion is dominant source
of carbonaceous aerosols in the IGP, the OC/EC average ratio
is 5.6 ± 2.1 [average OC: 29 𝜇g m−3 ; EC: 5.3 𝜇g m−3 ] and the
BC/EC average ratio is 1.6 ± 0.6 (𝑅 = 0.90; 𝑃 < 0.01,
Figure 4(b)). However, during the wheat-residue burning
period (April-May; Figure 4(c)), when OC/EC average ratio
is 4.0 ± 1.1 [average OC: 15 𝜇g m−3 ; EC: 3.9 𝜇g m−3 ], the
BC/EC average ratio is 1.0 ± 0.1 (Table 1). Our investigations
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Figure 4: Scatter plots between the BC/EC ratio and OC/EC ratio during: (a) paddy-residue burning emission (October-November);
(b) biofuel burning emission and fossil-fuel combustion (December–March); and (c) wheat-residue burning emission (April-May).

on comparing the mass concentrations of BC and EC during
different emissions in the IGP suggest for relatively large
difference between the two, by a factor of 2-3, when the
mass concentrations of particulate OC, EC, and OC/EC ratios
are relatively high (paddy-residue burning). In contrast,
the Aethalometer-based BC and EC-OC analyzer based EC
concentrations look quite similar when OC concentrations
are less than 20 𝜇g m−3 and OC/EC ratio is ∼2–4. In future,
studies would be required to assess and address to the
variability records of light-absorbing organic aerosol species
from these large-scale biomass burning emissions in the IGP
[2, 30].
The optical attenuation (ATN at 678 nm) from EC-OC
analyzer is utilized to determine the attenuation cross section
(𝜎ATN-ECOC ) during different emissions in the IGP. The scatter
plot between the optical attenuation (ATN) and EC𝑠 (𝜇g/cm2 )
during three different emissions exhibits a linear dependence
with significant correlations (𝑅 ≥ 0.74, 𝑃 < 0.01;
Figures 5(a), 5(b), and 5(c)). The slope of regression line for
different emissions provides the attenuation cross section of
EC. Accordingly, the attenuation cross section (𝜎ATN-ECOC at
678 nm) values are 7.2 ± 0.4 m2 g−1 ; 8.9 ± 0.8 m2 g−1, and
9.1 ± 0.7 m2 g−1 for the paddy-residue burning emission
(October-November), for emissions from bio-fuel burning
and fossil-fuel combustion (December–March) and wheatresidue burning emission (April-May; Figures 5(a), 5(b), and

5(c)). After normalization at 880 nm the 𝜎ATN-ECOC values are
4.8 ± 0.3 m2 g−1 ; 6.4 ± 0.6 m2 g−1 ;and 6.4 ± 0.5 m2 g−1 for the
paddy-residue burning emission (October-November), for
emissions from bio-fuel burning and fossil-fuel combustion
(December–March) and wheat-residue burning emission
(April-May), respectively. It is remarkable that all these values
(𝜎ATN-ECOC , at 880 nm) are ∼30–40% of the attenuation cross
section used in Aethalometer for the determination of BC
mass concentration.
3.4. Absorption Coefficient and Mass Absorption Efficiency
of EC and BC. Absorption coefficient of BC (𝑏abs-AETH )
as well as EC (𝑏abs-ECOC ) is the essential input parameters
involved in the direct radiative forcing calculations. It is
important to mention that the filter-based absorption technique yields systematic error in the optical attenuation (ATN)
[9, 35]. In this context, suggestions from earlier studies to
incorporate the corrections due to multiple scattering and
shadowing effects have been applied [24, 25]. The 𝑏abs-AETH
(at 880 nm) are ranging from 8–18 (13 ± 3) Mm−1 , 7–64
(27 ± 17) Mm−1 , and 11–28 (16 ± 6) Mm−1 during the paddyresidue burning emission, bio-fuel burning emission and
fossil-fuel combustion, and wheat-residue burning emission,
respectively (Table 1). The 𝑏abs-ECOC (at 678 nm) are ranging
from 11–82 (22 ± 14) Mm−1 , 12–38 (21 ± 7) Mm−1 , and
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Figure 5: Attenuation cross section of EC at 678 nm (𝜎ATN-ECOC in m2 g−1 ) during: (a) paddy-residue burning emission (October-November);
(b) emissions from biofuel burning and fossil-fuel combustion (December–March); and (c) wheat-residue burning emission (April-May).

9–29 (18 ± 6) Mm−1 during the paddy-residue burning
emission (October-November), bio-fuel burning emission
and fossil-fuel combustion (December–March), and wheatresidue burning emission (April-May), respectively. Normalized to 880 nm, 𝑏 abs-ECOC (at 880 nm) are ranging from 8–
55 (15 ± 9) Mm−1 , 8–28 (15 ± 5) Mm−1 , and 7–20 (13 ±
5) Mm−1 during the paddy-residue burning emission, biofuel burning emission and fossil-fuel combustion, and wheatresidue burning emission, respectively. Relatively high values
of 𝑏abs-ECOC (as high as 55 Mm−1 ) during the paddy-residue
burning emission (during October-November) indicate the
high light absorption characteristics of EC in the ambient air
during this period as compared to those during the other
emissions, assessed in this study (wheat-residue burning
during April-May and bio- and fossil-fuel combustion during
December–March). The average ratio of 𝑏abs-AETH /𝑏abs-ECOC
(at 880 nm) for the postharvest paddy- and wheat-residue
burning emissions is close to 1. In sharp contrast, this ratio
is ∼2 for emissions from bio- and fossil-fuel combustion in
the IGP. The Aethalometer based mass absorption efficiency
(MAE) of BC (at 880 nm) is 0.9 ± 0.1 m2 g−1 , 3.5 ± 2.2 m2 g−1 ,
and 4.4 ± 1.3 m2 g−1 during paddy-residue burning emission,
bio-fuel burning emission and fossil-fuel combustion, and
wheat-residue burning emission. The MAE (at 678 nm) of
EC has been determined by the linear regression analysis
between absorption coefficients (𝑏abs ; Mm−1 ) and EC mass

concentration (𝜇g m−3 ). The slope of regression line gives
the MAE for different emissions impacting the sampling site.
Accordingly, the MAE of EC (at 678 nm) are 3.0 ± 0.8 m2 g−1
(𝑅 = 0.57, 𝑃 < 0.01), 3.8±0.8 m2 g−1 (𝑅 = 0.78, 𝑃 < 0.01), and
4.1 ± 0.4 m2 g−1 (𝑅 = 0.93, 𝑃 < 0.01) during paddy-residue
burning emission (October-November), bio-fuel burning
emission and fossil-fuel combustion (December–March),
and wheat-residue burning emission (April-May). Normalizing to 880 nm, the MAE of EC (at 880 nm) are 2.0±0.5 m2 g−1
(𝑅 = 0.57, 𝑃 < 0.01), 2.7±0.6 m2 g−1 (𝑅 = 0.78, 𝑃 < 0.01), and
2.9 ± 0.3 m2 g−1 (𝑅 = 0.93, 𝑃 < 0.01) during paddy-residue
burning emission, bio-fuel burning emission and fossil-fuel
combustion, and wheat-residue burning emission (Figure 6).
The literature based values on MAE of EC suggest for a wide
range, varying from 2 to 25 m2 g−1 , depending on its emission
source and mixing state of EC [9, 18, 36, 37]. For example,
[18] has reported a value of 7.5 ± 1.2 m2 g−1 (at 550 nm), for
the uncoated soot particles. Furthermore, the freshly emitted
particles coexist as external mixture of light scattering and
absorbing (EC) components [38, 39]. Subsequently, during
the course of transport away from its emission source, these
aerosols undergo internal mixing. Towards this, the global
simulation models suggest that in ∼1–5 days, the EC can be
internally mixed with other aerosols [3]. After mixing, the
physicochemical characteristics of pure EC will no longer be
retained, due to the coating of other aerosols such as sulfate
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Figure 6: Mass absorption efficiency (MAE; m2 g−1 ) of EC at
880 nm during different emissions in Northern India.

and organics. The MAE of coated-EC has been reported to
be relatively high as compared to that for the uncoated EC
[40]. The plausible mechanism for enhancement in the MAE
of EC due to coating is widely referred to as the lensing effect,
focusing the light into core of EC. In this study, we report
the MAE of EC (at 880 nm) from two distinct postharvest
biomass burning emissions (paddy-residue burning: 2.0 ±
0.5 m2 g−1 ; wheat-residue burning: 2.9 ± 0.3 m2 g−1 ) and
during the emissions from bio- and fossil-fuel combustion
(MAE: 2.7 ± 0.6 m2 g−1 ; December–March). A near similar
MAE of EC varying from 3.0 to 6.8 m2 g−1 at 632 nm from
biomass burning emissions had also been reported earlier
[41]. In contrast, the MAE from diesel exhaust has been
found relatively high (Av: 8.4 m2 g−1 ) [41]. Thus, the MAE of
EC centering at 2.7 m2 g−1 during December–March period
suggests that biomass burning emission is the dominant
source of EC. However, future studies are needed in order to
assess the impact of mixing state on the MAE of BC and EC
in the Indo-Gangetic Plain.

4. Summary
This study has been carried out from October 2008 to May
2009 at Patiala, an upwind location in the Indo-Gangetic
Plain (Northern India). The important conclusions drawn
from this study are as follows.
(1) The OC/EC ratio varying from 4.6 to 25.7 (Av
± sd: 13.0 ± 4.6) and nss-K+ /EC ratio varying
from 0.2 to 2.0 (0.8 ± 0.4) have been recorded
from the postharvest paddy-residue burning emission (October-November). In contrast, during the

postharvest wheat-residue burning emission during
April-May, the OC/EC ratio varied from 2.5 to 6.5
(Av ± sd: 4.0 ± 1.1) and nss-K+ /EC ratio varied from
0.2 to 0.8 (0.4 ± 0.2). Furthermore, the inference on
dominance of biomass burning emissions during the
period from December to March has been made,
using the nss-K+ /EC ratio (chemical tracer) of 0.3±0.2
(range: 0.1–0.8) in conjunction with the OC/EC ratio
of 5.6 ± 2.1 (range: 1.9–10.1).
(2) Overall, the BC mass concentrations varied from 2 to
20 𝜇g m−3 , and the EC concentrations varied from 2 to
18 𝜇g m−3 . The BC/EC ratios are significantly higher
(2.2 ± 0.6) during the postharvest paddy-residue
burning emission (October-November), decrease to
1.6 ± 0.6 during emissions from bio-fuel burning
and fossil-fuel combustion (December–March) and
1.0 ± 0.1 during the wheat-residue burning emission
(April-May).
(3) The BC/EC ratios conspicuously greater than 1
have been observed during paddy-residue burning
emission (October-November), associated with high
abundance of EC, OC, and OC/EC ratio. This suggests
assessing the contribution of light-absorbing organic
aerosol species.
(4) The light absorption by aerosol from postharvest
agricultural-waste (paddy- and wheat-residue) burning emissions exhibits wavelength dependence of
approximately 𝜆−1.5 .
(5) The attenuation cross section (𝜎ATN-ECOC ) inferred
from EC-OC analyzer at 880 nm is ∼30–40% lower
than that used in the Aethalometer.
(6) The mass absorption efficiency (MAE; 𝜎abs ) of EC at
880 nm is 2.0 ± 0.6 m2 g−1 , 2.7 ± 0.6 m2 g−1 , and 2.9 ±
0.3 m2 g−1 during paddy-residue burning, emissions
from bio-fuel burning and fossil-fuel combustion,
and wheat-residue burning emission, respectively.
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