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ABSTRACT: The quantiﬁcation of the radiative impacts of light
absorbing ambient black carbon (BC) particles strongly depends on
accurate measurements of BC mass concentration and absorption
coeﬃcient (βabs). In this study, an experiment has been conducted to
quantify the inﬂuence of hygroscopic growth of ambient particles on
light absorption. Using the hygroscopic growth factor (i.e., Zdanovskii−
Stokes−Robinson (ZSR) approach), a model has been developed to
predict the chemical composition of particles based on measurements,
and the absorption and scattering coeﬃcients are derived using a core−
shell assumption with light extinction estimates based on Mie theory.
The estimated optical properties agree within 7% for absorption
coeﬃcient and 30% for scattering coeﬃcient with that of measured
values. The enhancement of absorption is found to vary according to the
thickness of the shell and BC mass, with a maximum of 2.3 for a shell thickness of 18 nm for the particles. The ﬁndings of this
study underline the importance of considering aerosol-mixing states while calculating their radiative forcing.

1. INTRODUCTION

enhanced absorption in a core−shell structure is because of the
focusing eﬀect of coated materials (shell) which act as a lens.7,8
Enhanced absorption is mainly brought about by high
atmospheric relative humidity (RH) in the presence of high
levels of nonabsorbing hygroscopic aerosols such as sulfates
−
(SO2−
4 ), nitrates (NO3 ), and water-soluble organic carbon
(WSOC), as their hygroscopic nature favors internal mixing/
core−shell formation. Nessler et al.9 have reported an
enhancement of up to 53% in aerosol absorption as RH
increased from 0% to 99%. Such conditions prevail in the IndoGangetic Plain (IGP) during wintertime when the entire region
is characterized by the presence of high levels of BC and
hygroscopic materials.10−12 In such a case, the coating of
hygroscopic materials on BC core and internal mixing is a
plausible mechanism for explaining the 5-fold enhancement
observed in the optical BC mass concentrations (in other words
absorption coeﬃcient) in a recent study.13
The objective of the current study is to calculate the
hygroscopic growth of aerosols during winter season
(December−February) over an urban site (Kanpur) in the

Aerosols are known to impact climate in several ways. They can
alter the scattering and absorption of solar radiation (direct
eﬀect), can cause atmospheric heating by absorption of
radiation thus suppressing the convection and reducing cloud
cover (semidirect eﬀect), and can aﬀect the formation and
properties of clouds by acting as cloud condensation nuclei
(indirect eﬀect).1,2 These eﬀects are estimated by studying the
aerosol composition and size distribution which in turn governs
the optical and physical properties of composite aerosols.3
However, signiﬁcant uncertainties are introduced in these
estimations due to dependencies on aerosol size, hygroscopicity, morphology, mixing state, refractive index, and solubility.
For example, black carbon (BC) content in the atmospheric
aerosols is of great importance due to its highly absorbing
nature.4,5 The estimation of its radiative impact strongly
depends on the accurate measurement of absorption coeﬃcient,
BC mass concentration, and its mixing state.5 Internal mixing
models of BC (homogeneous or a core−shell structure) show
more realistic absorption estimates as compared to external
mixing models in which BC particles coexist with other
particles in a physically separated manner. It has also been
shown that absorption by BC increases when BC particles are
mixed and/or coated with other less absorbing materials.6 This
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IGP and thereby explain the enhancement in BC absorption
coeﬃcient. A laboratory experiment was set up to quantify the
hygroscopic growth of particles using two scanning mobility
particle sizers (SMPSs) operating in parallel14 for 5 days in
winter season of February 2011. An internal mixing state with
black carbon particles forming a concentric core−shell structure
with other hygroscopic and less absorbing particles was
assumed. Volume fractions of diﬀerent chemical species were
calculated using a model developed by considering individual
hygroscopicity and bulk hygroscopic growth. The individual
volume fractions were then used to calculate the refractive
indices of the core and shell separately. These parameters along
with the measured size distribution were fed into the code
developed by Dr. W. Wiscombe, based on the work reported by
Toon and Ackerman15 to compute the scattering and
absorption by concentric spheres. Results from this code
were compared with the experimental values measured during
the study period.
We also have measured the absorption and black carbon for
four consecutive winter seasons (2007−2010). Our analysis
shows that hygroscopic growth of particles is a likely cause for
the varying degree of enhancement in absorption for the same
BC mass during winter seasons in each year as demonstrated in
2011 experiment.

The details about the measurements of absorption and
scattering coeﬃcients by PASS-1 are described in a recent
publication.23 PASS-1 records data every second and the
average for every 5-min interval is reported here at a single
wavelength, 781 nm. It has been noticed that PASS-1 measured
absorption shows a systematic reduction when the RH
increases beyond 70% due to inﬂuence of mass transfer to
the theoretical photoacoustic signal.22 The measured absorption coeﬃcient in this study is corrected by linearly
extrapolating the curve up to 100% RH in the Figure 8 of
Arnott et al.22 Since the PASS-1 operates at a single wavelength
of 781 nm, the Aethalometer BC mass between 660 and 880
nm was linearly interpolated to estimate the value at 781 nm so
that the data from the two instruments could be compared.
Hygroscopic Growth. Hygroscopicity is the parameter that
describes the interaction of atmospheric particles with water
vapor and is generally measured using a hygroscopic tandem
diﬀerential mobility analyzer (H-TDMA).24,25 Alternatively,
hygroscopic growth can also be estimated by comparing
ambient (wet) and dry particle size distributions obtained using
two SMPSs operating in parallel approach14 as

2. EXPERIMENTAL SECTION
The experimental study was carried out on the campus of
Indian Institute of Technology which is located in the city of
Kanpur, (26.5° N, 80.3° E, 142 m msl), in the IGP. It has a
large urban population of around 2.6 million. The pollution
sources in the region are of mixed origin which includes
domestic, industrial, and vehicular emissions.16 During winter
season, heavy fog and haze are observed in the entire IGP.17,18
All measurements of atmospheric aerosols were carried out at a
height of 5 m from the ground level. Hourly averaged
atmospheric RH was also measured using an automatic weather
station (AWS) located inside the campus.
Measurement of BC and Optical Properties. An
Aethalometer (AE-31, Magee Scientiﬁc) was used for the
measurement of BC mass in seven wavelengths, at 370, 470,
520, 590, 660, 880, and 950 nm with a ﬂow rate of 2 L min−1.
More details about the Aethalometer are described elsewhere.17
The instrument was kept inside the laboratory and a tube
(made of rubber with a conductive material coating inside) 1 m
long and 0.3 cm in diameter was used for ambient aerosol
sampling. The data were collected every 5 min and corrections
were applied for both shadowing eﬀect which is negligible for
atmospheric aerosols19and multiple scattering eﬀects as
suggested by Coen et al.20 Ambient RH varied from 59 to
76.5% during the study period. During wintertime, foggy
conditions prevail in IGP, which may lead to even higher RH
and sometimes saturation. It has been suggested that high RH
conditions up to 85% did not have signiﬁcant eﬀect on
Aethalometer-measured BC mass as was shown in Schmid et
al.21 Thus, Aethalometer BC measurement is expected to be
least aﬀected by the ambient RH condition. In addition, the
inside temperature of the laboratory was always higher than the
ambient through the entire sampling duration thus inhibiting
the condensation of droplets on the Aethalometer which can
cause errors.
Absorption coeﬃcient (βabs_exp) and scattering coeﬃcient
(β scat_exp ) were measured using a photoacoustic soot
spectrometer22 (PASS-1, Droplet Measurement Technologies).

where dm,wet is the mode diameter of the ambient size
distribution (wet) and dm,dry is that of the corresponding dry
size distribution.
The size distributions were measured using a SMPS which
included a diﬀerential mobility analyzer (DMA), which
segregates particles according to their mobility in an applied
electric ﬁeld, and a condensation particle counter (CPC), which
counts the particles in a given mobility range. The mobility
distribution thus estimated is converted to the size distribution
through an inversion algorithm. Following the approach
suggested in eq 1, the ambient size distribution was measured
using the TSI (model 3696) SMPS. The dry distribution was
measured using a Grimm (model 5.403) SMPS which had a
dryer attached to its inlet to remove the water content from the
atmospheric aerosols. The dryer used contained silica beads
which remove water content of the ambient aerosol reducing
RH to below 5%. These silica beads were regenerated every day
by drying at 180 °C for 2 h in an oven. Both SMPSs were
operated with a sheath ﬂow of 3.0 L min−1 and a sample ﬂow of
0.3 L min−1. The total sampling tube length was maintained at
0.7 m and the scan time was ﬁxed at 7 min 36 s for both
instruments. Eight consecutive scan data were averaged to get
hourly averaged distributions from both SMPSs. A total of 33 h
of data collected during the period of February 5−10, 2011 was
used in this study. Atmospheric RH was measured using Vaisala
Humidcap (HMT 330, Serial No. B4050039) with an accuracy
of 1% for RH < 90% and 1.7% above 90%. In addition, RH at
the inlet and outlet of TSI SMPS which was operated for the
measurement of size distribution of ambient particles was
measured for initial hours of the experiment. The schematic of
the experimental arrangement is shown in Figure 1
Initially, as an intercomparison, the particle size-distributions
measured by the two SMPSs under similar ambient conditions
are depicted in Figure 2a.The mode diameters were within 3%,
while the geometric standard deviation was within 1%.
Subsequently, ambient and dry particle size-distributions were
measured and a clear diﬀerence in the mode diameters was
seen. Figure 2b−e show such dry and ambient size distributions

gexp =

B

dm , wet
dm , dry

(1)
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3. MODELING
The approach of estimating the chemical composition based on
the growth factor of the particles at a given RH is followed
here.26,27 The method of Kreidenweis et al.26 was used to
calculate the individual wet volume fractions (εi_wet) of each
component present in the aerosol. We assume an aerosol
system consisting of water-insoluble organic carbon (WISOC),
water-soluble organic carbon (WSOC), and inorganic species,
i.e. (NH4)2SO4 and NH4NO3 along with BC. Dust is excluded
from the assumed composition because earlier studies had
shown negligible presence of dust in Kanpur during the winter
season.18 The bulk hygroscopicity of the mixture (kmixture) based
on Zdanovskii−Stokes−Robinson (ZSR) approach28,29 is
calculated as

Figure 1. Schematic of experimental setup.

as obtained by the GRIMM and the TSI SMPSs, respectively, at
diﬀerent RH conditions observed during the sampling period.
Hourly average mode diameters of size-distributions (dry and
ambient conditions) were calculated and the growth factors
were derived using eq 1. The growth factors were found to
range from 1.02 to 1.18 for RH varying between 59.3 and
76.5%.

kmixture =

∑ εi dryki
i

(2)

where εi_dry is the dry volume fraction and ki is the
hygroscopicity of each individual species present in the aerosol
(Table 1). Hygroscopicity is deﬁned as the amount of water
absorbed by a particle with a given dry diameter at a given

Figure 2. Aerosol size distribution measured by Grimm SMPS and TSI SMPS for (a) similar ambient conditions (b−e) with GRIMM SMPS
connected with a dryer for RH =76.5, 74.2, 59.3, and 66.3%, respectively. dm,dry and dm,wet are dry and wet mode diameters, respectively, and gexp is the
growth factor.
C
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were found to be within 15% of that measured by
Aethalometer. This diﬀerence is attributable to the fact that
the modeled BC considers particle diameters up to one
micrometer only as this is the upper cutoﬀ of the SMPSs. On
the other hand, the Aethalometer measured the BC mass from
all sizes of particles in the atmosphere. The modeled volume
fractions of (NH4)2SO4 and NH4NO3 are compared with those
measured by Kaul et al.16 for winter season of 2009 at Kanpur.
A maximum diﬀerence of 22% and a minimum diﬀerence of 8%
are found between modeled and measured volume fractions.
These comparisons show that the model developed for the
present study reﬂects the composition, which is close to the
actual measured aerosol composition.
Estimation of Optical Parameters. For estimation of
scattering and absorption coeﬃcients, an internally mixed
concentric core−shell model was considered for which the
knowledge of an exact composition of the core and the shell is
very important. To arrive at an optimum composition, diﬀerent
combinations of core and shell were tried. When the core is
assumed to be of BC only with WISOC, WSOC, and other
inorganics as the shell constituents, the refractive index of the
model particle (core−shell) was found to be higher. This
resulted in higher βabs_model and βscat_model in comparison with the
experimental values and hence this compositional model was
discarded. The model wherein the core is assumed as a mixture
of all species (BC, WISOC, WSOC, (NH4)2SO4, and
NH4NO3) in the dry state and shell as a mixture of soluble
species (WSOC, (NH4)2SO4, and NH4NO3) with water
content was considered to be more reasonable.
Major inputs to the code for estimating the optical
parameters were the wavenumber, radii of core and shell, and
their refractive indices. The wavenumber is deﬁned as (2π/λ)
where λ (= 0.781 μm) is the wavelength at which the
calculations are performed. The dry diameter (measured by
Grimm SMPS) was taken as core diameter, whereas the shell
diameter was calculated by adding shell thickness to the core
diameter.The shell thickness was calculated as follows:

Table 1. Hygroscopicity and Refractive Index of Species
Considered in the Study
refractive index
species

hygroscopicity (ki)

real (n)

imaginary (k)

WISOC
WSOC
(NH4)2SO4
NH4NO3
BC

0a
0.15b
0.5b
0.68b
0a

1.53c
1.53c
1.40d
1.40d
1.85e

0.0131c
0.0032c
0.60 × 10−7d
0.25 × 10−7d
0.75f

a

Because WISOC and BC are insoluble in nature, their k = 0. bData
from Kreidenweis et al.26 cData from Arola et al.38 dData from Bauer
et al.39 eData from Bond and Bergstrom et al.4 fData from Kirchstetter
et al.40 Refractive indices are selected at wavelengths closest to 781
nm.

RH.30 The ratio of volume fraction of hydrated water to solid
phase aerosol, ((Vw)/(Vs)) is incorporated in the model using
the following relationship
Vw
a
= kmixture w
Vs
1 − aw

(3)

where aw is the fractional ambient relative humidity (= RH/
100) and Vw and Vs are volume of water in aerosol and volume
of dry aerosol, respectively.
The modeled hygroscopic growth factor gmodel is then
calculated as
⎛V
⎞1/3
gmodel = ⎜ w + 1⎟
⎝ Vs
⎠

(4)

Compositional models with varying fractions of the
constituents in aerosol were developed for each hourly SMPS
distribution using eqs 2, 3, and 4. For each of these
compositions, the diﬀerence between the measured and
modeled hygroscopic growth factor, i.e. absolute(gexp − gmodel)
was estimated. The composition for which this diﬀerence was
less than 0.5% was accepted. The volume fraction of each
component under ambient condition (wet environment) εi_wet
was then estimated as
εi dry
εi wet =
Vw
+1
V

(

s

)

Shell thickness =

Table 2 shows the variation in the volume fractions of each
species with cases of RH and growth factors shown in Figure
2b−e. The BC volume fractions thus obtained were converted
to BC mass concentration (using average aerosol mass derived
from the measured distributions from two SMPSs) assuming a
density of 1.8 g cm−3 for BC while a density of 1.6 g cm−3 is
assumed for composite aerosol.4 Modeled BC concentrations
Table 2. Change in Modeled Species Volume Fractions with
RH and Hygroscopic Growth for the Cases Shown in Figure
2b−e
volume fractions from hygroscopic model
gexp

WISOC

WSOC

(NH4)2SO4

NH4NO3

BC

76.5
74.2
59.3
66.3

1.18
1.02
1.17
1.02

0.485
0.88
0.163
0.89

0.1
0.02
0.2
0.025

0.3
0.02
0.15
0.025

0.05
0.02
0.44
0.025

0.065
0.06
0.048
0.035

2

(6)

All calculations were performed on the hourly averaged data
set. The refractive indices of core and shell were calculated
using volume mixing method,2 which requires the refractive
index of individual species and the wet volume fraction of each
species, εi_wet, as calculated from eq 5. The refractive indices of
individual species were adopted from literature and are given in
Table 1. The calculated refractive indices of core and shell by
volume mixing rule2 agree within 1% with those calculated
using Maxwell Garnet rule.31 The core−shell code calculates
absorption (βabs_model) and scattering (βscat_model) coeﬃcients for
a single particle only. To get the parameters for the
polydisperse aerosol distribution, the optical properties of
individual particles are integrated over the entire size
distribution obtained from SMPS. Absorption and scattering
coeﬃcients calculated from core−shell code agree within 10%
with those calculated from discrete dipole approximation
code.32

(5)

RH (%)

(dm , wet − dm , dry)

4. RESULTS AND DISCUSSION
Dry and ambient size distributions for the high RH (Figure 2b
and c) and low RH (Figure 2d and e) were used to calculate the
hygroscopic growth factors of poly dispersed particles which
D
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range from 1.02 to 1.18. The change in growth factor is
reﬂected in the model selected for the calculations of optical
parameters. It has been found that not only RH but also the
presence (or absence) of hygroscopic species are responsible
for higher (or lower) hygroscopic growth. An enhanced fraction
of species such as (NH4)2SO4 and NH4NO3 increases the
possibility for higher hygroscopic growth of the particles (Table
2). In an earlier study, Nessler et al.9 reported a hygroscopic
growth factor of 1.54 for a 250-nm dry particle at a RH of 85%
in winter season at a high-alpine site of Jungfraujoch. On the
other hand, Aggarwal et al.14 reported a hygroscopic growth
factor for polydisperse aerosols as 1.09 at 71% RH in Sapporo,
Japan. Marine aerosols show more hygroscopic growth
compared to inland aerosols. A study conducted by Massling
et al.33 reported a hygroscopic growth factor between 2 and 2.1
for marine air particles in the range of 250 and 350 nm,
respectively, at 90% RH.
The hygroscopic growth factor gexp is also compared with that
obtained using aerosol inorganic model, AIM (Clegg et al.;
http://www.aim.env.uea.ac.uk/aim/model2/model2a.php).27
In an earlier study, Kreidenweis et al.26 reported that for
individual inorganic species such as (NH4)2SO4 and NH4NO3,
the ratio ((Vw)/(Vs)) given by AIM is higher by 34% and 33%,
respectively, at a RH of 60% as compared to hygroscopic
growth based calculation. This increase in ((Vw)/(Vs)) results
in a higher hygroscopic growth factor given by AIM (gAIM). In
the present study also, gAIM is higher than gexp by 24% at a RH
of 60%. The lower value of gexp is due to the presence of a large
fraction of insoluble species in the particles.
Hourly averages of βabs_exp and βscat_exp are compared with
modeled values, which have large dependence on the type of
mixing.6 External mixing of BC shows an underprediction in
absorption when compared with internal mixing having core−
shell structure. The core−shell mixing calculations can lead to a
50% higher direct radiative forcing compared to external
mixing.34 The core−shell type of internal mixing is found to be
the most suitable particle structure to explain the atmospheric
mixing state in the current study. Optical properties of this type
of mixing are also comparable to those observed by aerosol
robotic network (AERONET) based observations at Kanpur.
In core−shell structure, the core distribution, which is assumed
to be composed of homogeneous mixture of all species in dry
state, was measured by Grimm SMPS. When this core is
exposed to the atmospheric relative humidity, the soluble part
mixes with the water vapor and forms a wet shell consisting of
WSOC, (NH4)2SO4, and NH4NO3, etc. This wet aerosol
distribution is measured by TSI SMPS. Since the distribution of
dry and wet particles measured by the two diﬀerent SPMSs
shows slight variations in the number concentrations, the
calculations were carried out with the mean number
concentrations measured by both the instruments.
Figure 3a and b show the comparison between modeled and
experimental optical parameters. As may be seen, the diﬀerence
between βabs_model and βabs_exp was less than 7%. However, the
diﬀerence between modeled and measured scattering coefﬁcient (less than 30%) was higher than that in the case of
absorption coeﬃcient. Error analysis has been carried out by
introducing error bars in the experimental data (Y-axis) using
the standard deviation of each hourly data. The total error in
the modeled optical parameters was estimated using Standard
Taylor’s method.36 The sources of this error are the error in the
growth factor gmodel and in the number concentration. The total
errors in modeled results were found to be ±2.67 Mm1− (1

Figure 3. (a) Comparison of βabs obtained from experiment and model
calculations. (b) Comparison of βscat obtained from experiment and
model calculations.

Mm1− = 10−6 m−1) and ±5.72 Mm1− for βabs and βscat,
respectively. These values are negligible compared to the error
in the experimental data and hence error bars of X-axis are not
visible in the ﬁgures.
In an earlier study conducted by Bond et al.,6 absorption
ampliﬁcation (γ, deﬁned as the ratio of βabs of core−shell to βabs
of core alone) was found to vary from 1.5 to 20 for diﬀerent
monodisperse core and shell conﬁgurations. But as in this
study, for a polydisperse aerosol system, this enhancement gets
reduced due to the damping of cross section oscillations.9
Another reason for the high γ values in Bond et al.6 is due to
the very high values of shell thickness used in their calculations
compared to those observed in the present study. It is observed
from the current experiment that the maximum shell thickness
due to hygroscopic growth is much less (18 nm).
For the current experimental observations, γ was calculated
as the ratio of βabs_expt to βabs due to BC and WISOC which
constitute the insoluble core. Core composition is changed to
reﬂect actual atmospheric conditions. In the atmosphere, high
RH conditions result in formation of a core−shell structure in
which core is constituted of insoluble species (BC + WISOC)
and shell with all soluble species and water. Figure 4 in Nessler
et al.2 provides a pictorial representation of core−shell structure
considered in this study.The diameter of this insoluble core,
Dinsoluble_core is calculated from the modeled volume fractions
using the equation
1/3
Dinsoluble core ⎛ εiBC + εiWISOC ⎞
=⎜
⎟
∑ εi
Ddry core
⎝
⎠

E

(7)
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where Ddry_core is the diameter of dry particle with all species
(BC, WISOC, WSOC, (NH4)2SO4, and NH4NO3) and ∑εi is
the sum of volume fractions of individual species which equals
to 1.
Figure 4 shows the variation in γ as a function of BC mass
fraction and shell thickness. The former is estimated as the ratio

Figure 5. Linear regression analysis between PASS-measured βabs and
Aethalometer-measured BC mass for four consecutive winter seasons
at Kanpur.
Figure 4. Absorption enhancement as a function of BC mass fraction
and shell thickness. Each color shows range of absorption enhancement.

signal is not measured by the Aethalometer and thus it
underestimates the true absorption.
Atmospheric RH indicates winter 2007 as a dry period with
lower values of RH. The lowest slope for regression line in
Figure 5 is seen for this year and the frequency of RH occurring
above 70% is less compared to other years. This period also has
higher share of lower RH (below 50%) showing dry period,
which prevents mixing and/or coating. Winters 2008−2010,
which show higher slopes for regression lines, have higher
frequency of RH above 70%. This higher RH, combined with
hygroscopic species present in the atmosphere, provides a
favorable condition for internal mixing of particles for
formation of core−shell structure, which may be causing the
enhanced absorption measured by PASS-1. February 2011
experiments indicate that high RH alone is not enough to
produce enhanced absorption and the presence of inorganic
species to form a shell or coating is also an important factor for
enhanced absorption.
Findings from this study indicate that the coating of soluble
material over black carbon can signiﬁcantly increase the
absorption depending upon the thickness of the coating and
type of coating material. High RH conditions and the presence
of hygroscopic materials are very much favorable for forming
such coatings. Knowledge of easily measurable hygroscopic
growth factors can be eﬀectively used to identify the volume
fractions of diﬀerent species present in the ambient aerosol.
Using this information in conjunction with the size distribution
data, an eﬀective optical closure can be performed to match the
experimental optical parameters. Another important ﬁnding of
this study is that the absorption coeﬃcients estimated based on
the Aethalometer data may not be accurate as seen by
comparisons with the PASS-1 data.

of the BC mass as measured by the Aethalometer to the total
mass of particles with an aerodynamic diameter <1 μm as
inferred from the SMPS number distribution (assuming a
particle density = 1.6 gcm−3). This ﬁgure shows a clear trend of
increase in γ values as shell thickness increases for a constant
BC mass fraction. While a maximum γ of 2.3 is observed for the
shell thickness of 18 nm, the lowest γ of 1.035 corresponds to
very thin coating (2 nm). It is also seen from this ﬁgure that
even for very high BC mass fraction, the enhancement in
absorption will be predominant only when there is suﬃcient
coating of soluble material (i.e., core−shell thickness >10 nm).
In such cases, even a small amount of BC mass fraction (<5%)
can produce high absorption. Considering the entire hourly
data, an average absorption enhancement of 1.42 is found in the
present study.
During the February 2011 experiment βabs_exp and βscat_exp of
particles was measured using PASS-1 and BC mass using
Aethalometer. Regression analysis of βabs_exp and BC mass
(ﬁgure not shown) shows a very good correlation (R2 = 0.98)
with higher slope (20.92). This higher slope indicates
enhancement in absorption due to hygroscopic growth of
particles. Figure 5 shows the linear regression plot between
βabs_exp and BC mass for the four winter seasons. Although
strong correlations (R2 = 0.75, 0.71, 0.81, and 0.67 for years
2007, 2008, 2009, and 2010, respectively) are seen, the slopes
of the regression lines show large interannual variation for the
same season (5.2, 12.6, 18.0, and 23.3, respectively). The higher
slope indicates an enhanced βabs_exp measured by PASS-1 for
the same BC mass measured by the Aethalometer. Since PASS1 operates on photoacoustic technique and does not alter the
particle structure, it is able to measure the enhanced absorption
due to the coating of hygroscopic materials over the black
carbon.37 On the other hand, Aethalometer, being a ﬁlter-based
method, measures the absorption due to BC. It is quite possible
that morphology of ambient aerosols (e.g., core−shell or
coating of hygroscopic material) is altered due to impaction on
the ﬁlter. This means that the enhancement in the absorption
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