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ABSTRACT: Atmospheric carbonaceous aerosols consisting of black
carbon and organic carbon influence Earth’s radiative balance by
interacting with solar radiation. A subset of organic aerosols known as
brown carbon is absorbing in nature and poorly characterized in terms
of optical properties. Brown carbon can warm the local and regional
atmosphere depending upon its absorbing capacity, mixing state, and
meteorological conditions. We report a diurnal spectral absorbing
refractive index of brown carbon over North India and its influence on
regional radiative forcing. Measurements show the presence of highly
absorbing brown carbon consisting of soluble and non-soluble fractions
having distinct spectral absorption. The brown carbon refractive index at
365 nm shows a 50% reduction during daytime when compared to
nighttime as a result of combined effects of reduced primary emissions
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and photobleaching/volatilization. Brown carbon and the lensing effect as a result of a thin absorbing coating exert a forcing of
—0.93 + 0.27 and 0.13 + 0.06 W m™?, respectively, at the top of atmosphere. Externally mixed absorbing organic carbon in
radiative forcing calculations produces 48% less cooling when compared to the forcing induced by scattering organic carbon. The
presence of internally mixed absorbing organic carbon as a shell over black carbon induces 31% more warming compared to a
similar shell made of scattering organic carbon. Overall results suggest that brown carbon and the lensing effect need to be
included in global climate models while calculating radiative forcing parameters.
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B INTRODUCTION

Carbonaceous aerosols having diverse optical and physical
properties are of particular interest in climate studies as a result
of their capacity to warm the atmosphere." Unlike black carbon
(BC), absorption due to brown carbon (BrC) is not well-
characterized as a result of the large heterogeneity in its optical
properties arising from its diverse sources and involvement in
secondary processes, such as photochemical aging.” Primary
emissions, for example, fossil fuel combustion and biomass
burning, contribute mainly to the atmospheric abundance of
carbonaceous aerosols. Global emission inventory studies
report annual emissions of 8 and 33.9 Terra gram (Tg) for
BC and organic carbon (OC), respectively, in which open
biomass burning contributes up to 42% for BC and 74% for
OC.2 In regions such as Central Africa, China, and Northern
India, open biomass burning is a dominant source for OC.* The
perturbation to the Earth atmosphere radiative balance as a
result of aerosols is generally expressed in terms of radiative
forcing (W m™2), which is a measure of the change in net
radiative flux at the top of atmosphere (TOA).” The radiative
forcing due to BrC aerosols is subject to large uncertainty as a
result of a lack of accurate knowledge of (a) the optical and
physical properties of BrC and (b) the mixing state of BC and
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BrC.° Because BC and OC are usually co-emitted, their mixing
state can significantly influence the overall absorption, thus
further influencing forcing estimates. The term “mixing state” is
used to indicate the physical state of aerosols in the atmosphere
and is divided into external and internal mixing. In external
mixing, aerosols co-exist as individual particles. On the other
hand, in internal mixing, aerosols are homogeneously mixed
with each other in various configurations (core—shell,
spheroids, etc.).” In core—shell internal mixing, an insoluble
aerosol species (BC) becomes coated with a soluble species
(organics and/or inorganics). Core—shell-type mixing leads to
enhancement in absot;ption as a result of the shell acting as a
lens (lensing effect).”

Absorption due to BrC can reduce the net cooling effect
caused by scattering aerosols or even induce warming in areas
with large-scale biomass burning.* A number of global
modeling studies®'®"" considering absorbing OC aerosols
report 0.11 W m™> warming at TOA when compared to purely
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scattering OC. Two other studies'”"” report higher warming

values (0.24—0.4 W m™2) for direct radiative forcing by
absorbing OC. Another study, conducted over the Central
U.S.A. using aircraft sampling, reports a 20% reduction in TOA
cooling when absorbing OC is considered.'* Water-soluble
organic carbon (WSOC) measured from New Delhi'® and
Gangetic plain outflow'®'” were reported to contribute 6 and
35%, respectively, to solar absorption relative to that of BC.
The lensing effect also induces a radiative effect in the
atmosphere depending upon the type of material coated and its
thickness. A study'® shows that externally mixed absorbing OC
and the lensing effect increase the global mean direct forcing
from —0.46 to +0.05 W m™2. However, global climate model-
based OC forcing estimates have large uncertainties as a result
of the uncertainty associated with OC refractive index and its
assumed mixing state.”* A number of studies reported
(measured or modeled or both) absorbing refractive index for
atmospheric and laboratory-generated OC.'”™>* These studies
used various methods, such as closure between measured and
modeled absorption,””””** liquid extraction,”" and electron
microscopy,”” to quantify the refractive index of OC. The large
variation (from 0.0009”" to 0.27°” at ~550 nm) in the reported
refractive index values shows the heterogeneous nature of OC
in the atmosphere. Accurate measurement of the BrC refractive
index on a regional scale is necessary to calculate its
contribution to total aerosol absorption.

The overall goal of this study is to quantify the absorbing
refractive indices of WSOC and total OC and identify their
spectral dependence. Using this refractive index and simulta-
neously measured physical properties as input, species-specific
radiative forcing is calculated to understand the effects of
absorbing OC and the lensing effect on the radiative balance.
The influence of varying shell thickness on net radiative forcing
is also calculated.

B EXPERIMENTAL SECTION

Sampling Details. Data presented in this study were
collected during a high aerosol loading winter season (from
December 28, 2015 to January 31, 2016) in Kanpur, an urban
India city located in the Gangetic plain (GP). The GP is known
for its high aerosol loading as a result of open biomass burning,
especially during the winter season.”> The mean + standard
deviation of the sub-micrometer aerosol mass concentration
during the campaign was found to be 184 + 108 g m™>, which
indicates high loading conditions in terms of air quality
standards.”

Instrumentation. Figure S1 of the Supporting Information
shows a schematic of the instrument setup used to collect
aerosols in this study. An Aerodyne high-resolution time-of-
flight aerosol mass spectrometer (HR-ToF-AMS) and TSI
scanning mobility particle sizer (SMPS) were operated in
atmospheric and thermally denuded (~300 °C) conditions
with a 10 min switching interval to collect sub-micrometer
chemical composition and particle size distributions. Aerosols
were pre-dried to a relative humidity (RH) of <10% using a
silica gel dryer to apply uniform collection efficiency in HR-
ToF-AMS. A single particle soot photometer (SP2) was used to
measure BC mass and size distributions. A particle-into-liquid
sampler (PILS) with an air inlet cutoff diameter of 2.5 ym
(PM, ) was used to extract atmospheric aerosols in ultrapure
water, which was then passed through a liquid waveguide
capillary cell (LWCC) and total organic carbon (TOC)
analyzer for measuring spectral absorbance and mass
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concentration of WSOC, respectively, with a 4 min frequency.
The absorbing refractive index of WSOC (kysoc) was
calculated online using this absorbance and WSOC mass
concentration (see the Methods). Two high-volume samplers
(HVSs) with cutoff diameters of 2.5 and 1.0 yum (PM, and
PM,) were also operated to collect particles on pre-combusted
Tissuquartz filters, which were then extracted with methanol to
measure spectral absorbance of OC. This absorbance was used
to calculate the absorbing refractive index of OC (kqc) for both
PM, 5 and PM, offline. Values of kygoc and ko were calculated
over a range of wavelengths (300—700 nm) (for more details
on instrument description and calibration, see the Supporting
Information).

B METHODS

HR-ToF-AMS and SP2 Data Analysis. The HR-ToF-AMS
measured unit mass resolution (UMR) spectra were analyzed
using standard SQUIRREL software package (version 1.56D)
initially. High-resolution (HR) analysis was performed using
PIKA (version 1.15D) with the help of peak fitting algorithms
up to a m/z value of 150. A uniform collection efficiency of 0.45
was used for calculating the final mass concentrations.”’
Because data collection frequency varied with instruments, all
online measured data were hourly averaged for analysis. The
SP2 data analysis was performed using a SP2 data analysis
toolkit (version 4.1000a) by combining broadband high- and
low-gain channels.

Calculation of WSOC Refractive Index Online. An
automated PILS—LWCC—TOC system with a PM, g inlet was
used to simultaneously measure spectral absorbance (A4;) and
mass concentration of WSOC with a 4 min time resolution. In
PILS, ambient particles were extracted with high-purity water,
filtered using a 0.45 ym filter, and then sent to LWCC (0.5 mL
min~') and TOC (0.4 mL min~') using a peristaltic pump.
Details of these measurements are published elsewhere.”””’
The sampling line was diverted every day through a high-
efficiency particulate air (HEPA) filter for 30 min to correct for
background values. Absorbance was recorded for a wide range
of wavelengths (250—700 nm). To account for baseline drifting
during long sampling duration, all A; values were referenced to
A,y Absorbance and mass concentrations were hourly
averaged for further analysis. Previous studies reported various
correction factors, such as 0.69,”° 0.75,*" and 2,* for converting
the bulk solution absorption to atmospheric absorption by
comparing the measured and Mie-theory-derived absorption. A
similar calculation showed a correction factor of 1.9 in this
study, and the same was used to obtain BrC atmospheric
absorption. The spectral absorption coeflicient for the solutions
(water and methanol) (B,,;) in Mm™' was calculated as
follows:

14
B = (4, — A,p)— In(10
abs-4 ( A 700) ‘/al ( ) (1)

where V] is the flow rate of liquid through PILS (0.7 mL
min™"), V, is the flow rate of air through PILS (16.7 L min™"),
and [ is the absorbing path length (2 m). From By, the
WSOC refractive index (kygsoc) was calculated as

4 z (Babs—l )

k =
WSOC T 4r(WSOC)

)
where p is the density of WSOC (1.5 g cm™).
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Calculation of OC Refractive Index Offline. Two HVSs
of PM,s and PM, size cutoff were operated during the
campaign to collect aerosols on preheated quartz filters. The
PM, ; sampler was operated with a flow rate (V,) of 1100 L
min~" and a sampling frequency of 23 h to collect aerosols on a
filter of area of 400 cm® The PM, sampler collected aerosols on
a filter with a diameter of 47 mm and operated with a flow rate
(V,) of 215 L min~" with varying sampling frequency between
4 and 6 h. A total of 59 PM, 5 and 79 PM, filters were collected
during the entire campaign. Filters collected from both
samplers were kept in a freezer until analysis. One punch
(area of 0.7 cm? for PM, and 1.5 cm? for PM;) from both
filters was dissolved in a known volume (V) of methanol to
extract OC. Another punch of 1.5 cm® area was analyzed in a
Sunset OC-EC analyzer”” through the NIOSH method for OC
mass concentration. Methanol-extracted OC samples were
injected into LWCC for spectral absorbance. The absorption
coefficient and refractive indices were then calculated using eqs
1 and 2. Because only a punch from the whole filter was used
for analysis, the calculated absorption coeflicients were
multiplied by the ratio of filter area/punch area.

Coating Factor (CF) Determination. The CF is defined as
the ratio of the diameter of the core—shell particle (Dcore.sheil)

to the diameter of the core particle (D).
CF = ‘Dcore+shell

©)

A scanning mobility particle sizer (TSI, EC-3080, and CPC-
3776) was operated to measure the particle size distribution
under atmospheric and denuded conditions with 10 min
switching frequency. The mode of the atmospheric particle size
distribution was used as the diameter of the core—shell particle
(D oressnen), and the mode of the denuded size distribution was
used as the diameter of the core particle (D). Figure S2 of
the Supporting Information shows a representative size
distribution of atmospheric and denuded aerosols with mode
diameters. This method of CF determination assumes the
entire aerosol population to be internally mixed and that the
denuding process removes all volatile species. Because the
majority of aerosols over the sampling site are internally mixed
(up to 75%),> this method can be used to determine the CF.
Mie Modeling. It was assumed that particles are spherical in
shape and that the Mie theory could be used to calculate the
optical properties of OC and BC + shell. The Mie calculation
routines used in this study were developed by Bond et al.® with
inputs from Matzler et al,** which require size distribution and
refractive index for the calculation of optical properties. The
OC size distribution was derived using the time-of-flight data
from HR-ToF-AMS, and the same for BC was measured
directly using SP2. Measured spectral refractive indices were
used for OC, and previously reported values were used for
BC." A perfect core—shell structure was assumed, where BC
acts as a core and a homogeneous mixture of OC and
inorganics makes the shell. The net refractive index of the shell
was calculated using the volume mixing rule, where measured
koc values were used and inorganics were considered to be
completely scattering. The steps followed in the net shell
refractive index are described in the Supporting Information.
Calculation of Relative Forcing Efficiency (RFE). RFE is
defined as the shortwave radiative forcing per unit optical depth
at TOA as a result of a uniform, optically thin layer of aerosols

core
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in the lower troposphere. RFE is calculated as per the following

equation™ for dry aerosols:

E = PxO—D = SD(I - Acld)’l—;\tm (1 - Rsfc)

1 — SSA
|:2Rsfc(1 _ RS{C)Z - ﬂ(SSA):| (4)

where AF is the change in net solar flux at the TOA as a result
of aerosols, AOD is the aerosol optical depth, S is the solar
constant (1370 W m™2), D is the fractional day length (0.5),
Ayy is the fractional cloud cover (0.6), T, is the solar
atmospheric transmittance (0.76), Ry, is surface albedo (0.15),
SSA is single scattering albedo, and /3 is the fraction of scattered
sunlight that is scattered into the upward hemisphere,
calculated as eqs 5 and 6. The term “g” indicates the
asymmetric parameter, and the term “b” denotes the ratio of
back scattering coefficient/total scattering coefficient.

o Lo 'S 11
2g V1 + g2 1+g ()
f = 0.082 + 1.85b — 2.97b* (6)

The SSA and g values for OC and BC + shell were derived from
the Mie model using measured size distribution and refractive
index.

Calculation of Species-Specific Aerosol Optical Depth
(AOD) Determination. Individual contributions from OC,
BC, and BC + shell to total AOD were calculated using a
previously reported procedure.”*® Because the mass fraction of
fine mode dust was negligible in Kanpur during the winter
season,”’ absorption from the same was not considered. Total
absorbing aerosol optical depth (AAOD), ;) was calculated
from AERONET measured total AOD (AOD,, ) and single
scattering albedo (SSA;,) at a reference wavelength (4,) of 405
nm using eq 7.

AAOD/loftotal = AODZoftotal(l - SSAZO) (7)
AAOD values for OC (AAOD,, oc) and BC (AAOD,, 5c)
were calculated from AAOD), o by solving eq 8 for 405 and
781 nm with values of absorption angstrom exponents (AAEs)
of 1.21 + 0.2 (for total®® with 405—781 nm wavelength pair), 1
(for BC'), and 7.8 + 0.6 (for OC using measured spectral
absorption with 405—781 nm wavelength pair).

/1 —AAE
AAOD/loftotal ( /1_ )
(o]

A _AAEOC l _AAEBC
= AAODAOOC(%) + AAODAOBC(%)

(8)

AAOD for OC and BC at different wavelengths were calculated
using eq 9.

)_AAEBC/ BrC

A
AAOD; g pc = AAODAo,BC/BrC(_

Ao )

OC- and BC-specific AOD values were back-calculated from
AAOD, ¢ and AAOD, g using eq 7 by substituting SSA for
OC, BC, and BC + shell (derived using the Mie theory).
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B RESULTS AND DISCUSSION

Absorbing Refractive Index. The campaign mean =+
standard deviation of WSOC/OC ratio is found to be 0.32 +
0.15, indicating the dominance of the water-insoluble OC
fraction. Figure 1 shows the mean values of kysoc and koc for
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Figure 1. Campaign-averaged spectral absorbing refractive index of
WSOChpy,, OCpy,, and OCpyy. Error bars indicate one standard

deviation.

selected wavelengths (see Table S1 of the Supporting
Information for values). The kqc values reported here are 6—
8 times hlgher than previously reported values from else-
where.””*" The similar ko values derived from PM, s and PM,
filters indicate the similarity in PM, 5 and PM, in terms of OC
composition. kysoc at 365 nm from this study is up to 20 times
higher than another atmospheric study.”’ However, these
values are smaller when compared to refractive indices of lab-
generated pure biomass or wood smoke.'”** Distinct spectral
dependence in kysoc and ko is also observed from Figure 1.
At 365 nm, kysoc is 1.8 times higher than that of OC but
sharply decreases to values smaller than kgc at 405 nm and to
negligible absorption beyond 470 nm. However, OC shows
non-negligible absorption up to 565 nm. Figure 1 shows that
absorption from WSOC is limited to a narrow spectral range
(365—470 nm); however, OC has a wider range of absorption
(365—565 nm), indicating that the net absorption from OC
depends upon the relative abundance and absorptive character-
istics of WSOC. Beyond 565 nm, absorption from organic
species ceases to exist. Saleh et al.”® reported a positive relation
between BC/organic mass ratio and absorption refractive index,
which can be used to predict the absorption capacity of lab-
generated organics. No such relationship is found in this study
(inset of Figure 1), limiting the wider suitability of BC/organic
mass ratio in absorption estimation for aged atmospheric OC.

A strong diurnal variation is observed in kygsoc throughout
the campaign (Figure 2), which is more pronounced at 365 nm
with a high nighttime mean value of 0.12 + 0.03 and low
daytime mean value of 0.03 + 0.02. For higher wavelengths
(420 nm), daytime kysoc values are close to zero. This diurnal
pattern can be explained in terms of WSOC evolution in the
atmosphere. Mass concentrations of WSOC and OC show a
diurnal trend similar to that of kygoc. As a result of primary
emissions from biofuel burning and vehicular traffic, increased
mass concentrations are observed between 6:00 a.m. and 9:00
am., which drop to half of their nighttime values after 11:00
am. This reduction in mass concentration from midday to
afternoon is due to the combined effect of boundary layer
expansion and reduced primary emissions. A positive matrix
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Figure 2. Campaign-averaged diurnal variation of kygoc at 365 and
420 nm. Error bars represent one standard deviation.

factorization (PMF)* analysis is performed on the organic
spectra to identify the various factors contributing to bulk
organic aerosol loading. The analysis shows both primary and
secondary organic aerosol (SOA) factors with diurnal trends
similar to that of WSOC, OC mass concentration, and kygoc
(Figure S3 of the Supporting Information). The SOAs
produced during daytime are oxygenated organic aerosols
(OOAs) with a high oxygen/carbon (O/C) ratio and a low
hydrogen/carbon (H/C) ratio.”” Even though the OOA
fraction dominates the bulk organic loading (up to 78%; inset
of Figure S3 of the Supporting Information), a previous study
from the same locations shows that it contributes less to the
total organic absorption.”' A van Krevelen diagram** with
color-coded WSOC absorption values indicates that highly
absorbing organics are associated with low O/C and high H/C
(primary organics) compounds (Figure S4 of the Supporting
Information). Therefore, the low kygoc values during daytime
are attributed to least absorbing or completely scattering OOAs
and primary organics. Another possible mechanism behind the
low kysoc values during daytime is photobleaching, which
effectively reduces the absorbing capacity of organic aero-
sols 294344

Radiative Forcing. To understand the effect of BrC on
radiative forcing, a modified forcmg parameter, RFE (W m™2) is
estimated. Previous studies’* estimated RFE for lab-
generated aerosols with measured absorption properties. This
study reports RFE for atmospheric BrC, providing a more
realistic value of BrC forcing. Two cases of RFE calculations are
made for only OC and BC + shell aerosol by considering two
optical situations (i) a purely scattering case (k = 0) and (ii) an
absorbing case (k = measured refractive index from this study).
The difference between the scattering and absorbing RFE
values underlines the importance of considering BrC in RFE
calculations. panels a and b of Figure 3 show the RFE values for
only OC and BC + shell, respectively, for cases i and ii along
with the difference between two cases (ARFE), RFE,png —
REE ttering (Table S2 of the Supporting Information for
values). Positive values of ARFE as a result of BrC absorption
for only OC and BC + shell are more pronounced at lower
wavelengths, indicating an offsetting to the cooling effect
caused by scattering OC. The ARFE for OC values at 405 nm
in this study is 14.77 W m™* compared to 3.1 W m™? from a lab
study” with pure biomass burning smoke (k = 0.015),
indicating the highly absorbing nature of organics in GP.
Because the shell here is assumed to be a mixture of organic
and inorganics, BrC present in the shell can influence RFE.
Figure 3b shows the RFE values for BC + shell for a campaign-
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Figure 3. RFE values considering absorbing and scattering and their
difference, REE oring — REEqcattering (ARFE), for (a) OC and (b) shell
over BC. In panel b, the difference indicates the effect of the coating as
a result of absorbing aerosols on RFE values.

averaged CF (see the Methods) of 1.50, which is close to the
previously reported value of 1.6 using optical closure*" from the
same sampling site.

In case ii, RFE values when integrated over the BrC
absorbing wavelength range (365—565 nm) are —3.7 + 0.83,
3.08 + 0.37, and 1.43 + 021 W m™2 for OC, BC, and BC +
average shell, respectively. The similar RFE integrated values
under the scattering case (case i) show a value of —5.5 + 0.33
and 0.98 + 0.06 W m™? for OC and BC + average shell,
respectively. Therefore, externally mixed absorbing OC induces
48% less cooling, and absorbing OC inside the shell of a core—
shell structure increases the warming by 31%. Further radiative
forcing values of OC, BC, and BC + shell are calculated by
multiplying the case ii RFE values with their individual AOD.
The individual species-wise AOD is calculated from total AOD
values taken from the Kanpur AERONET station using the
modified approach® of Chung et al® (see the Methods).
Wavelength-integrated AOD for OC, BC, and BC + average
shell is 0251 + 0.05, 0.062 + 0.03, and 0.078 + 0.025,
respectively. The calculated radiative forcing values from OC
and BC are —0.93 + 0.27 and 0.19 + 0.07 W m ™2, respectively.
The forcing from OC is close to another study®® from the same
location, which reported —1.1 + 0.4 W m™2 for BrC at TOA.
Figure 4 shows the frequency distribution of CF along with
wavelength integrated forcing due to BC + absorbing shell and
only lensing effect. Forcing due to lensing is defined as the
difference in forcing due to BC + absorbing shell and that due
to only BC. The forcing from BC + shell mainly depends upon
the coating factor and to a lesser extent on the net refractive
index of the shell. The average CF of 1.5 induces a net forcing
of 0.097 + 0.04 W m™* for a BC + absorbing shell assumption,
which is less than pure BC forcing (0.19 W m™?) because of the
increased scattering as a result of the thick shell. However, for a
small coating (CF = 1.2), forcing due to BC + shell is 0.33 +
0.06 W m ™, in which the contribution from the lensing effect
alone is 0.13 + 0.06 W m ™2, indicating warming that is close to
a global modeling study® value of 0.1 W m™ based on
AERONET network data. As the CF increases above 1.35, the
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Figure 4. Frequency distribution of CF along with the wavelength-
integrated radiative forcing due to BC + absorbing shell and lensing
effect only.

scattering dominates over absorption, thereby creating a
cooling effect as a result of the lensing effect. A study by
Saleh et al.'® on a global scale reports a 0.29 W m™ warming
from the lensing effect as a result of absorbing OC at 550 nm,
which is higher than the values reported in this study mainly as
a result of higher shell thickness, which scatters light.

Because a spherical shape and perfect core—shell structure
are assumed in this study, the Mie theory is used to derive
aerosol optical properties to calculate forcing. Primarily emitted
particles might not be spherical in shape. However, in this
study, aerosols were measured at the Indian Institute of
Technology (IIT) Kanpur campus, where open burning is
prohibited and the majority of sampled aerosols are from
outside and/or undergo long-range transportation. We assume
aerosols collected during this study to be aged by at least 5 to 6
h. This aging time scale increases the possibility for the
formation of spherical particles and coating assumption made in
this study.” A major fraction of organics in the sampling
location is highly oxygenated, contributing less to absorption
when compared to primary organics. Still, the radiative forcing
values show an overall smaller cooling as a result of BrC and
thinly coated aerosols. Therefore, for regions dominated with
primary organic aerosols, BrC can induce TOA warming. The
findings of this study reiterate the importance of considering
BrC absorption and the lensing effect in global climate models.
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