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ABSTRACT: The Indo-Gangetic Plain is a region of known <«——Biomass Burning Event _,,

high aerosol loading with substantial amounts of carbonaceous 1:2_ :::7_ oy g L ::
aerosols from a variety of sources, often dominated by biomass 80 2001— Organics L4
burning. Although black carbon has been shown to play an < ;2?’% 250 13 g
important role in the absorption of solar energy and hence 2 |3, Bl
direct radiative forcing (DRF), little is known regarding the 2 40 §1so— ™
influence of light absorbing brown carbon (BrC) on the 048 oo :;: 2
radiative balance in the region. With this in mind, a study was f;’“ so P e e o0
conducted for a one month period during the winter—spring od o : : : : : 07
18:00 21:00 00:00 03:00 06:00 09:00 12:00

season of 2013 in Kanpur, India that measured aerosol
chemical and physical properties that were used to estimate
the sources of carbonaceous aerosols, as well as parameters
necessary to estimate direct forcing by aerosols and the contribution of BrC absorption to the atmospheric energy balance.
Positive matrix factorization analyses, based on aerosol mass spectrometer measurements, resolved organic carbon into four
factors including low-volatile oxygenated organic aerosols, semivolatile oxygenated organic aerosols, biomass burning, and
hydrocarbon like organic aerosols. Three-wavelength absorption and scattering coefficient measurements from a Photo Acoustic
Soot Spectrometer were used to estimate aerosol optical properties and estimate the relative contribution of BrC to atmospheric
absorption. Mean =+ standard deviation values of short-wave cloud free clear sky DRF exerted by total aerosols at the top of
atmosphere, surface and within the atmospheric column are —6.1 + 3.2, —31.6 + 11, and 25.5 + 10.2 W/m?, respectively. During
days dominated by biomass burning the absorption of solar energy by aerosols within the atmosphere increased by ~35%,
accompanied by a 25% increase in negative surface DRF. DRF at the top of atmosphere during biomass burning days decreased
in negative magnitude by several W/m* due to enhanced atmospheric absorption by biomass aerosols, including BrC. The
contribution of BrC to atmospheric absorption is estimated to range from on average 2.6 W/m? for typical ambient conditions to
3.6 W/m* during biomass burning days. This suggests that BrC accounts for 10—15% of the total aerosol absorption in the
atmosphere, indicating that BrC likely plays an important role in surface and boundary temperature as well as climate.
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B INTRODUCTION
Aerosols in the atmosphere affect the Earth’s radiative budget

(IGP). The IGP is designated as one of the most polluted
regions in the world with very high aerosol loadings. Kanpur

both directly by scattering and absorbing solar radiation and
indirectly by influencing cloud albedo and lifetime." The impact
of black carbon (BC) on the Earth’s radiative budget has been
extensively studied due to its light absorbing properties. BC is
known to absorb light throughout the light spectrum and
thereby heat the atmosphere.2 In addition to BC, the
atmosphere also contains light absorbing organic aerosols
(OA) known as brown carbon (BrC).” Several studies reported
BrC aerosols with optical absorbing capacity varying from 15 to
50% of total aerosols.*® Dust is another aerosol component
present in the atmosphere capable of absorbing light.*

The sampling location for this study is Kanpur India, a
representative site located within the Indo-Gangetic Plain
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has a population of over 4.5 million with a density of 1452
people/km?.” Major sources of aerosols in the IGP consist of
domestic, industrial, and vehicular emissions. Kanpur also
receives aerosols through long-range transport from the
northwestern part of India. During the winter—spring months
(December to March) IGP has large scale biomass burning
coupled with high relative humidity (RH) conditions, resulting
in heavy fog and haze.® These fog events last from several hours
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to a few days disrupting traffic and causing heath issues to
humans.

Anthropogenic activities such as burning of fossil fuels and
biomass emit large amounts of BC and OA along with other
species into the atmosphere. Open biomass burning, such as
crop residue burning, is considered to be a large source for BC
and BrC.” Although BrC is coemitted with BC during biomass
burning, there are other pathways, such as photochemical
reactions, which can also lead to increased BrC in the
atmosphere.” There is large spatial and temporal variation in
sources and chemical properties of BrC as well as chemical,
optical, and microphysical properties of BrC that have yet to be
tully characterized. Also, the hygroscopic nature of BrC changes
its optical properties with RH. All of these factors make
estimating the radiative forcing involving BrC aerosols very
difficult.

Detailed knowledge of aerosols’ physical and chemical
characteristics, along with their inter-relationship is required
to calculate the net radiative budget of Earth due to aerosols.
Bond et al.” report a global Direct Radiative Forcing (DRF)
value of 1.1 + 0.9 W/m?* (mean =+ standard deviation) for BC,
which is the second largest climate forcer after CO,. Very few
studies are reported on the forcing due to BrC alone. One such
study’ reports a positive total forcing (3 to 4 W/m?) at TOA
for regions dominated by large scale indoor and outdoor
biomass burning, like that in China, Africa, and IGP. Another
study,'® conducted at a local scale with measured optical
properties, reports a 20% increase in forcing at the TOA when
BrC is included in the forcing calculation.

The overall goal of this study is to estimate the relative
contribution of BrC to direct radiative forcing over the IGP as
well as to estimate the sources of light absorbing BrC. We
discuss the optical properties of aerosols during late winter—
spring season (February—March). Frequent biomass burning
was observed during this study, which in turn produced large
amounts of BC and primary/secondary OA. Since absorbing
BrC is a subset of OA, it is expected that resolving OA into
different factors can provide insight into chemical nature of
BrC.

B EXPERIMENTAL SECTION

Sampling Details. This study reports aerosol optical,
chemical, and microphysical properties measured during 12
February to 20 March, 2013. Experiments were carried out in
the Indian Institute of Technology-Kanpur (IIT-K) campus.
Kanpur is located in the IGP, with a large urban population and
poor air quality. Pollution sources in Kanpur are of mixed
origin including vehicular, indoor and outdoor biomass
burning, and industrial.® The period of study (February—
March) is the late winter—spring season, which is associated
with high RH (up to 85%) and low temperature (~10 °C).

Instrumentation. Instruments were operated continuously
during the campaign. BC mass concentrations were measured
using an Aethalometer (AE 42, Magee Scientific) operating at 2
L min~" flow rate. Aa aethalometer measures light attenuation
at seven wavelengths (370, 470, 520, 590, 660, 880, and 950
nm) with S min frequency which were then converted to BC
mass concentration using a wavelength dependent specific
attenuation factor. The mass concentration estimated at 880
nm is taken as the BC mass in this study. The BC mass
concentration from the Aethalometer was corrected for filter
1oadin% and multiple scattering effects, as described else-
where. ""?Absorption and scattering coefficients (B, and B,

of atmospheric aerosols were measured using Droplet
Measurement Technology (DMT) three-wavelength Photo
Acoustic Soot Spectrometer (PASS-3)."'*B, and B, were
measured with a frequency of 0.5 Hz at three wavelengths,405,
532, and 781 nm, using a flow rate of 1 L min~". The PASS-3
was calibrated before and midway between the sampling study.
An Aerodyne HR-ToF-AMS was used to determine the mass
concentrations of organic and inorganic species in atmospheric
aerosols.”” HR-ToF-AMS can determine the mass concen-
trations of total organic carbon and nonrefractory species like
ammonium, sulfate, nitrate, and chloride. It employs thermal
heating (~600 °C) followed by electron ionization technique
(70 eV) for the measurements of above species. The mass
distribution of the above species with respect to their size was
also measured by HR-ToF-AMS. HR-ToF-AMS measured
mass spectra every second and produced an average spectrum
every 2 min. Ionization efficiency calibrations were performed
on HR-ToF-AMS before and after the campaign. The
photoacoustic technique used in PASS 3 is known to have
error in By, and B, at high RH conditions.”® Also, the
collection efficiency (CE) for HR-ToF-AMS may change
according to the water content in the aerosol stream.'” To
minimize such errors, aerosols were dried (RH < 10%) before
entering the PASS 3 and HR-ToF AMS using a silica gel dryer.
Other than the above-mentioned instruments, this study also
makes use of Level 2.0 aerosol optical depth (AODr,), single
scattering albedo (SSAq.), and asymmetry parameter (groc)
from the Aerosol Robotic Network (AERONET) station
located inside the IIT-K campus.'® Daily 500 m resolution
gridded seven wavelength surface albedo data from Moderate
Resolution Imaging Spectro-radiometer (MODIS) was also
used. Level 3 AOD from MODIS was used whenever
AERONET data were not available. Each instrument’s data
were averaged to 15 min for analysis. Values from AERONET
and MODIS were taken as daily average. Optical properties
such as Absorption Angstrom Exponent (AAE) and Single
Scattering Albedo (SSA) were calculated from PASS 3
measured spectral absorption. Overall, AAE is calculated from
campaign average By, and B, and SSA from daily average B,

B METHODS

Data Analysis. Unit mass resolution (UMR) data from HR-
ToF-AMS was analyzed using the Squirrel (Version 1.54)
software package and high resolution (HR) data were analyzed
using PIKA (Version 1.13) assuming a collection efficiency of
0.5 for all species.'” Flow correction and air beam corrections
were performed on the data. Masses of organic carbon and
other inorganic species were derived after fitting V mode mass
to charge ratios (m/z) up to 150 in PIKA. Positive matrix
factorization (PMF) was carried out on HR data using PMF
evaluation tool (PET, Version 2.06) as explained elsewhere.”’
Percentage of the biomass burning indicator (f5,), defined as
the ratio of m/z 60 to total organic mass, is used to identify
biomass burning episodes. Days with fy, values higher than one
standard deviation from the campaign average are considered as
biomass burning days.

Modeling Framework. DRF was calculated using the
Santa Barbara Discrete Ordinate Radiative Transfer (SBDART)
model.”’ SBDART assumes plane-parallel radiative transfer
based on the discrete ordinate approach. Radiative fluxes are
integrated with Discrete Ordinate Radiative Transfer (DIS-
ORT) module.”” Aerosol radiative forcing (AF) was calculated
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from the difference in fluxes for an aerosol free atmosphere to
aerosol laden atmosphere. AF were obtained at the top of
atmosphere (AFp,), surface (AFg), and atmosphere (AF,)
assuming clear sky conditions for the shortwave (0.25 to 4 um)
range. Clear sky conditions assume a cloud-free sky with all
radiatively active molecular species in the Earth’s atmosphere
for both biomass burning and normal days. AF, was the
difference between AF;n, and AF;.

Inputs into SBDART to calculate total aerosol DRF are
AODro SSAqyr and gry, along with spectral surface albedo.
Out of 34 days of measurement, only 13 days of spectral SSA
from AERONET were available. So we used SSA derived from
daily average absorption and scattering measured by PASS 3
(SSA; pass ;) throughout. AF;o, and AFg were calculated for
solar zenith angles (SZA) from 0° to 90° with S° increment and
diurnally averaged forcing was given as follows:

1 1
AFropss = Py [} AF(uy)du, (1)
where y is the cosine of SZA.

An important aspect of this study is to calculate the specific
influence of BrC on DRF. Optical properties of BrC aerosols
were derived from measured parameters. AOD due to BrC was
calculated as per the procedure given in Chung et al.” Previous
studies” show very little presence of dust during the winter
season in the IGP. So we assume the contribution of dust to be
negligible. This study uses a modified form of eq 2 from Chung
et al.” for deriving AOD for BrC as given below:

1 AAE T,
AAOD/lo_Total X (%) = AAODAO_BC

1 —AAEgc 1 —AAEg ¢
(4] e amom e (2)
Ao - Ao

)

where AAOD), 1oy AAOD), gc and AAOD,, g are the
absorption AOD of total aerosols, BC and BrC, respectively, at
a reference wavelength 4, of 532 nm. AAOD), 1, is calculated
from AODv,, using following equation: -

— 8SA;.) (3)

where AAEp,, AAEpc, and AAEy. are the Absorption
Angstrom Exponent for total aerosols, BC and BrC,
respectwely AAEz- = 1 is assumed as reported in several

AAOD/lo_Total = AOD/lo_Total X (1

studies.”** AAE,,, and AAEy - were calculated using equation
no. 4.
_1 (Babs AL )
‘abs_\.
AAE = —— 2%

In(55) @)

where B, ;; and By, ;, are absorption coefficients measured at
A1 and A2 (405 and 781 nm in this study). The AAEr,,
derived from spectral absorbance measured by PASS 3 has an
average of 12 + 0.2. AAEg. was calculated from spectral
absorption coefficients derived by Mie code™ developed by
Bond et al.***” For AAEy,, mass size distribution from HR-
ToF-AMS was converted to number size distribution by
assuming a density of 1.2 g cm™ © This size dlstnbutlon along
with RI for organic aerosols from Kirchstetter et al.’ was used
as input to Mie code to calculate spectral absorption of BrC.
Average values for AAEg, was found to be 6.6 + 0.3. Another
recent study reports an average AAEp ¢ values of 9 + 3 when

measured using filter extracts. SSA for BrC was also calculated
using Mie code. AAEy: and AAEg - were used as input to eq 2
which was solved at 532 and 781 nm for AAOD,, ; and
AAOD,, 5,c. AAOD for BC and BrC at 405 and 781 were then
calculated using eq 5:

A _AAEBC/BIC
AAOD; pc/pc = AAOD;, pe/pre X (/1_)
o ©)
As SBDART requires AOD instead of AAOD, AOD for BrC
is calculated using eq 3 with SSA for BC and BrC. Table 1
shows the average model input values used to calculate DRF for
total aerosol and BrC at 532 nm.

Table 1. Average Values of Aerosol Optical Properties Used
As Model Inputs at 532 nm

parameter total aerosol DRF BrC DRF
AOD 042 + 0.17 0.02 + 0.01
SSA 0.87 + 0.03 0.83 + 0.004
g 0.64 + 0.04 0.67 + 0.01
AAE 12 +02

AAEg ¢ 6.6 + 0.3

Bl RESULTS AND DISCUSSION

Diurnal Trend in Aerosol Properties. A strong diurnal
variation in aerosol properties was observed throughout the
sampling period. Figure 1 shows the diurnal variation of aerosol
spectral absorption coefficients, BC and OA mass concen-
trations. Absorption at 405 nm was highest followed by 532 and
781 nm being the lowest throughout. AAEr,; value of 1.2 +
0.2 suggests internally mixed BC and/or presence of BrC.****°
A sudden decline was observed in absorption coefficients and
mass concentrations in the early morning around 5:30 am and a
peak around 8:00 am, which can be attributed to the dilution
effect due to the expansion of the atmospheric boundary layer
and the increased emissions due to morning traffic and cooking.

PMF Factors. In order to infer sources of light absorbing
carbon, PMF analysis of OA measured by HR-ToF-AMS was
resolved into 4 distinct factors. We have followed Jimenez et
al.’! in identifying the less and more oxygenated factors of OA.
The factors are identified as Low-Volatile Oxygenated Organic
Aerosols (LV-OOA), Semi-Volatile Oxygenated Organic
Aerosols (SV-OOA), Biomass Burning Organic Aerosols
(BBOA), and Hydrocarbon like Organic Aerosols (HOA).
(For more details on the PMF factor determinations see
Supporting Information). Figure 2 shows the diurnal variation
of PMF factors and Babs at 405 nm. All PMF factors, except
SV-OOA, show a distinct diurnal trend. The diurnal change in
SV-OOA mass is much smaller than other factors. LV-OOA
was highest throughout the day followed by BBOA. Burning of
wood, garbage, and dead leaves in the winter—spring season at
sampling site produces large amounts of primary OA and
secondary organic aerosols (SOA), similar to SV-OOA, wh1ch
likely transforms to LV-OOA with photochemical aging.*’ An
insignificant change in SV-OOA mass indicates its steady
production throughout the sampling period. Sharp increases in
BBOA and HOA during morning and evening hours can be
attributed to cooking and vehicular traffic. LV-OOA attains a
maximum roughly an hour later than that of BBOA and HOA
suggesting the role of photochemistry in LV-OOA formation.
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Figure 1. Diurnal variation of aerosol spectral absorption coefficients, BC and OA mass concentrations.
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Figure 3. Spectral absorption, total organic mass, BC mass, and fy, for a typical biomass burning event on February 21%.

Changes in Aerosol Optical Properties during
Biomass Burning Events. During the campaign, 7 biomass
burning episodes were identified. Each biomass burning period
was characterized by a sharp increase in BC and OA
concentrations and increases in spectral absorption coeflicients.
Figure 3 shows a time series of spectral absorption coefficients,
total organic mass, BC mass, and fy, for a typical 12 h biomass
burning event started on February 21%. The background value
of fg was slightly higher (0.4%) than what was reported in

10477

earlier studies (0.3%).*” During biomass burning events fg,
value was as high as 1.3%.

BC, OA mass concentrations, and B, values measured
during biomass burning events in this study are similar in trend
but higher in magnitude when compared to previous
studies.”** Figure 4 shows the AAE and SSA values for the
same biomass burning period as in Figure 3. Considerable
differences were observed in SSA and AAE trends and values
when compared to Lack et al.’’ AAE values of 2.3 were
reported by Lack et al. but this study shows AAE of 1.2 + 0.2.

DOI: 10.1021/acs.est.5b03368
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Figure 4. Spectral SSA and AAE for February 21* biomass burning event.
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Figure S. Total short wave clear sky aerosol direct radiative forcing for TOA (AFrp,), surface (AF;), and atmosphere (AF,).

Table 2. Summary of DRF Values (W/m?)

total aerosol DRF

BrC DRF

location normal biomass burning normal biomass burning
TOA —6.6 + 2.6 —45+4 -1.1 + 04 —-1.0 £ 0.7
surface —-295+9 —-389 + 11 —36 + 14 —4.6 + 1.9
atmosphere 221 +7 34.5 + 12 26 + 1.0 3.6+ 1.5

Also SSA values in Lack et al. show increases during biomass
burning, but this study shows decreases. These changes could
indicate the presence of large quantities of BC and/or highly
absorbing BrC coupled with mixing in the biomass burning
plume sampled in this study. Lack et al.** reported a biomass
burning event that happened due to wildfire on pine forest in
Colorado, U.S.A. As the winter—spring time biomass burning in
the IGP consists of materials with mixed origins such as
garbage, wood, and vegetation, the resultant plume may not
exhibit unique characteristics as that of wildfires. Low AAE
values might be due to the large scale aging process during the
transport of the plume to the sampling location. Another factor
affecting the optical properties of biomass burning aerosols are
the temperatures of burning. Since most of the biomass burning
in the IGP are open burning, once the flames go out, the
remaining fuel smolders for a long time, producing continuous
smoke. These changes in optical properties indicate the
importance of considering different types of biomass burning
in each location. Wildfire burning events and urban biomass
burning might have different characteristic optical properties.

10478

Wildfire generated aerosols measured by Lack et al. were also
aged, but it might be predominantly organic aerosols in the
plume. Also the background conditions for the Lack et al. study
are relatively clean compared to polluted regions inside IGP.
Effect of Biomass Burning on Direct Radiative
Forcing. Diurnal variation shows that a considerable portion
of OA follows the total absorption. Since the amount of OA is
much higher than BC in the atmosphere (three times in this
study), the absorption due to OA needs to be accounted for
while calculating the aerosol DRF. Major global DRF studies
use emission inventories as model inputs, which may add
significant errors in the estimation.”> Very few studies have
been done based on observations.”'”*® Various studies
calculated aerosol radiative forcing in the IGP using measured
and derived aerosol properties.””***” These studies used the
Optical Properties of Aerosol and Clouds (OPAC) package38
to derive aerosol optical properties. OPAC uses a lower
imaginary refractive index for BC (042 at 550 nm) as
compared to recent studies (0.71 at 550 nm).” Besides,
OPAC does not distinguish between organic and inorganic

DOI: 10.1021/acs.est.5b03368
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Figure 6. Short wave clear sky BrC aerosol direct radiative forcing for TOA (AFg,c 1o4), surface (AFpc 5), and atmosphere (AFpc »).

aerosols and considers both species as water-soluble species.
These factors likely create substantial uncertainty in optical
properties derived using OPAC. This study removes such
errors by using AERONET derived AOD and g along with
surface measured SSA for calculating DRF. Surface measured
SSA captures the effect of mixing and BrC absorption and
compares closely (within 5%) with columnar SSA from
AERONET. Surface SSA measured at 405 and 532 nm has
less than 5% difference when compared to AERONET SSA.
The difference in SSA at 781 nm is slightly higher (8%) when
compared to AERONET SSA. Uncertainty analysis was
performed to determine the errors caused by each input
parameter (discussed in the SI).

Figure S shows the total aerosol AF;,, AFg, and AF, during
the study period. Table 2 summarizes the average DRF values.
Average values for AFpg,, AFg, and AF, are —6.1 + 3.2, —=31.6
+ 11, and 25.5 + 10W/m’ respectively. During biomass
burning days (shown by red dots in Figure S), both
atmospheric forcing and negative surface forcing increase with
respect to normal days. TOA forcing during biomass burning
days shows a 32% increase in magnitude, indicating a change
from negative to less negative DRF. Average AFyg,, AFs, and
AF, for normal and biomass burning days are —6.6 + 2.6,
—29.5 +9,22.1 + 7 W/m?, and —4.5 + 4, =389 + 11, and
34.5 + 12 W/m’, respectively. Forcing efficiency (AF,) defined
as the forcing per unit optical depth, was calculated for TOA
level (AF, 1os). Average AF, 1o, values for normal and
biomass burning days were —22.1 + 8 and —11 + 11. Lower
values of AF, 1o, also indicate the presence of absorbing
aerosols.”” These changes are attributed to the presence of a
large amount of BC and BrC emitted to the atmosphere during
biomass burning events.

Figure 6 shows the DRF due to BrC alone at TOA
(AFg.c toa), surface (AFgc g), and atmosphere (AFg,c 4).
AFy.c Toa and AFgc ¢ are negative throughout the campaign,
whereas AFy, 5 was positive. Average values for AFp.c 1oa
AFy,c o, and AFp,c 4 are —1.1 + 0.5, —3.9 + 1.6, and 2.8 + 1.2
W/m?, respectively. The contribution of BrC to total DRF is
found to be 18% at the TOA, 13% at the surface, and 12% in
the atmosphere. During biomass burning events, DRF due to
BrC follows a similar pattern as that of total DRF. AFy. 1oa
shows a positive trend during biomass burning events, which
supports results showing less negative DREF values for biomass
burning regions by Chung et al.” Average AFg.c o AFpc s

and AFg¢ 4 for normal and biomass burning days are —1.1 +
0.4, —3.6 + 1.4,and 2.6 + 1.0 W/m? and —1 + 0.7, —4.6 + 1.9,
and 3.6 + 1.SW/m? respectively. The difference in average
AFg.c toa during biomass and normal days are insignificant.
But AFyc s values for biomass burning events indicate
enhanced reduction in the surface energy balance by 27%,
while AFg ¢ 5 increases by 40% when compared to respective
values of normal days. The combination of enhanced
atmospheric absorption combined with a decrease in solar
energy reaching the surface suggest that BrC may be having an
important influence on atmospheric and surface temperatures
and hence climate in the region.
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