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HIGHLIGHTS

e Absorption characteristics and sources of brown carbon (BrC) are investigated.
e BrC contributed considerably to total absorption (23%) at 370 nm.

e The biomass burning OA exhibited the highest mass absorption efficiency.

o The low volatile oxygenated OA has virtually no contribution to BrC absorption.
e Around ~48% of BrC absorption is caused by biomass burning aerosol.

ARTICLE INFO ABSTRACT
Keywords: This study examines the light absorption characteristics of fine atmospheric particulates using the co-located
Carbonaceous aerosol real-time measurements of chemical and optical aerosol characteristics at a site located in Delhi during

Brown carbon

Black carb winter. The contribution of absorption by black carbon and brown carbon (BC and BrC) to the total absorption
ack carbon

(babs) is computed using the absorption Angstrom exponent (AAE) method. The period average contribution of

Ab: ti
PMS:rp o BrC absorption (baps grc) to baps is found to be highest at 370 nm (23%) that decreased exponentially with
Megacity increasing wavelengths, i.e.,18, 12, 10, and 4% at 470, 520, 590, and 660 nm, respectively. The absorption

India spectrum of BrC is used to study the bulk composition of BrC, which indicates that primary BrC was dominant
during morning and night time, whereas secondary BrC was significant during the rest of the time. Further,
organic aerosols (OA) were divided into different factors using positive-matrix factorization (PMF) analysis, and
the mass absorption efficiency (E,ps) of each factor was assessed through multivariate linear regression of b,ps grc
with OA factors. The biomass burning OA (BBOA) exhibited the highest Eyp,s at 370 nm (0.86 m? g’l), followed
by semi-volatile oxygenated OA (SVOOA; 0.67 m? g~!) and hydrocarbon-like OA (HOA; 0.42 m? g~1). Further,
although the composition of OA was dominated by LVOOA (32%) and BBOA (32%), followed by SVOOA (22%),
and HOA (14%), their contribution to bg,c followed different order due to differences in their mass absorption
efficiencies. The BBOA contributed almost half (48%) of baps prc followed by SVOOA (26%), and HOA (10%).
This study provides quantitative information on the sources of BrC and their relative contribution to BrC ab-
sorption over a heavily polluted region, which is still lacking in the literature. These results have implications in
understanding the source-specific BrC absorption.
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1. Introduction

Carbonaceous aerosols are mainly comprised of black carbon (BC)
and organic carbon (OC) that contribute considerably to the global
climate. Until recently, it was believed that BC was the only light-
absorbing aerosol component that leads to positive radiative forcing,
and OC was considered to be a scattering-type aerosol (Andreae and
Gelencsér, 2006). However, recent studies reported that some fraction of
organics also shows light absorption characteristics from the near UV to
the visible region, labeled as brown carbon (BrC) (Kirchstetter et al.,
2004). Both the BC and BrC come from numerous sources including
biomass burning (BB) emissions and fossil fuel combustion. The emis-
sions from BB are the dominant source of BC on a global scale (Andreae,
2019), and the dominant source of BrC on a regional as well as global
scale (Laskin et al., 2015 and references therein). BC is released directly
into the atmosphere (Singh et al., 2016), while BrC can either be
released directly into the atmosphere or formed through secondary
processes (Cheng et al., 2011; Laskin et al., 2015). In comparison to BC,
the properties of BrC are least understood as they may consist of thou-
sands of organic compounds with complicated molecular compositions.
BrC is identified as one of the significant contributors to climate forcing
over the regions affected by BB emissions (Feng et al., 2013). The recent
estimations displayed that the BrC contribution to the light absorption is
around 27-70% of that from BC over different geographical regions
worldwide (Lin et al., 2014; Wang et al., 2014). Furthermore, it is found
that the direct radiative forcing at the top of the atmosphere due to
organic aerosol can change from cooling (—0.08 Wm2) to warming
(4+0.025 Wm™2) when strong BrC absorption is incorporate in global
climate models (Feng et al., 2013). However, uncertainties involved in
assessing the characteristics of BrC hinder more precise approximations
of aerosol radiative forcing. In recent years, the studies on BrC aerosols
increased substantially and most of them utilized real-time aerosol ab-
sorption properties to assess BrC characteristics (Qin et al., 2018; Zhang
et al., 2020). Further, Zhang et al. (2020) documented the contribution
of BrC to total absorption over the nine sites of France during the winter
season using Aethalometer data. They reported that the contribution of
BrC to total absorption varied from 18 to 42%, and stated that the ma-
jority of BrC come from wood-burning emissions. Shamjad et al. (2016)
used the online measurements of aerosol absorption coefficients along
with modeled data to assess the BrC properties over a polluted city
Kanpur (India), and reported that BrC contributes ~30% to total
absorption.

Rapid urbanization and industrialization in and around Delhi, a
megacity and the capital of India led to severe air quality problems in
this region, especially during winter (Rai et al., 2020). During winter,
the long-range transport of biomass burning aerosols from the upwind
locations, i.e., Punjab and Haryana, also contribute significantly to
aerosol loading over Delhi (Bikkina et al., 2019). Furthermore, meteo-
rological conditions play a vital role in the winter haze over Delhi, in
addition to emissions from numerous sources (Sembhi et al., 2020). High
loadings of carbonaceous aerosols are often recorded over Delhi during
winter with a high fraction of organics (Tiwari et al., 2013; Gani et al.,
2019; Puthussery et al., 2020). The higher concentrations of organics
over Delhi indicate that the absorption due to BrC cannot be ignored.
Recently, Dasari et al. (2019) studied the effect of photochemical aging
on the absorption of BrC in south Asian outflow by considering Delhi as
one of the sampling sites. They reported the mass absorption efficiency
of 2.5 m?g™! for water-soluble BrC at Delhi. In another report from Delhi,
the mass absorption efficiency of 1.6 m2g™! for water-soluble BrC is re-
ported (Kirillova et al., 2014). However, the quantitative information on
the sources and chemical composition of BrC over Delhi still lacks in the
literature.

In this work, the measurements of the seven-wavelength Aethal-
ometer have been utilized to quantify the contribution of BC and BrC to
the total aerosol light absorption in the megacity of Delhi, which is
among the highest polluted cities of the world. In addition to
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Aethalometer, the concurrent measurements have also been made with a
high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS).
Sources of organic aerosol (OA) were identified by performing the
positive matrix factorization (PMF) analysis on highly time-resolved OA
data measured using HR-ToF-AMS and correlated with the absorption
coefficient of BrC to investigate the major contributors to BrC absorp-
tion. Further, the mass absorption efficiency of each OA factor is
estimated.

2. Materials and methods
2.1. Site description

This study was carried out by deploying real-time aerosol measure-
ment instruments on the fourth floor of the building (at the height of
~15 m above ground level) inside the campus of the Indian Institute of
Technology Delhi (28.54°N, 77.19°E; Fig. S1) in South Delhi during
winter (January 01 to February 10, 2019). Delhi, the capital of India,
experiences substantial emissions from various sources, resulting in high
aerosol loading (Gani et al., 2019; Dumka et al., 2019; Rai et al., 2020;
Wang et al., 2020). This is one of the megacities of South Asia with a
population of ~17 million and average population density of ~11,320
people km~2 in 2011 (Rai et al., 2020 and references therein). The air
quality of Delhi is affected by emissions from numerous anthropogenic
sources, including power plants (2 coal-based and 4 natural gas-based),
vehicles, industrial (~29 medium and small-scale industries and 5 fac-
tory complexes), and brick kilns in the surrounding regions (Guttikunda
and Calori, 2013). In addition to these sources, the long-range transport
of aerosols from several hundreds of kilometers of upwind regions also
contributes to the air pollution of Delhi. A recent study reported that
~42% of BC during winter over Delhi comes from the regional transport
of biomass/wood burning emissions from the upwind rural regions of
Haryana and Punjab (Bikkina et al., 2019). The meteorological data
were obtained from the automatic weather station installed at the same
site and atmospheric boundary layer height data was acquired through
the NOAA-HYSPLIT model. The detailed site description was reported
elsewhere (Puthussery et al., 2020; Rai et al., 2020; Wang et al., 2020).

2.2. Aethalometer measurements

The aerosol light absorption and corresponding equivalent BC was
monitored online at seven wavelengths i.e., 370, 470, 520, 590, 660,
880, and 950 nm at the interval of one minute using a dual-spot
Aethalometer (AE33, Magee Scientific; Hansen et al., 1984; Drinovec
etal., 2015). Aethalometer measured aerosol light absorption coefficient
(baps) at seven wavelengths and converts it into the BC concentration in
real-time using the constant mass absorption cross-section (MAC) of
18.47, 14.54, 13.14, 11.58, 10.35, 7.7 and 7.19 m? g’l for these seven
wavelengths. These measurements are corrected for filter loading arti-
facts and tape advancement error (Drinovec et al., 2015). The absorp-
tion coefficient at 880 nm is used for the BC estimation as it is the major
absorber at 880 nm (Yang et al., 2009). Here, it is supposed that the
absorption is primarily due to carbonaceous aerosol, and the contribu-
tion of dust is negligible because this BC was measured in the particulate
matter having an aerodynamic diameter less than or equal to 1 pm (PMj;
PM; cyclone was installed at the inlet of sampling line). This study
period was also not subjected to any dust event which was evident from
the absence of any major enhancement in dust aerosols over Delhi
during the same study period (Rai et al., 2020).

The relative contribution of absorption due to BrC (baps prc) and BC
(babs Bc) to the total aerosol absorption (baps) is estimated using a
method suggested by Lack and Langridge (2013). The absorption due to
BrC at short wavelength (baps prc, 21) is estimated by subtracting the
absorption of BC (baps ¢, 21) from the total absorption as follows:

bab:,RrC.M = b/l] - bahLBC,),l (1)
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where absorption b;; is the total absorption at wavelength A1 and ab-
sorption due to BC at A1 is estimated using the AAE value of BC (AAEgc)

A .
babs_BC./ll =by X (f)AAEB( .

where b, is the absorption at a higher wavelength (880 nm). Here, it is
assumed that there is no contribution to light absorption by BrC and dust
at 880 nm (Zhu et al., 2017). The choice of AAEg¢ (= 1) while estimating
the bpc is one of the primary sources of uncertainty, as AAEgc usually
varies between 0.9 and 1.1 (Lu et al., 2015). A sensitivity test was per-
formed using the AAEp values of 0.9, 1.0, and 1.1, respectively to assess
the impact of different AAEpc values on the quantification of BrC
(Fig. S2). The result of the sensitivity test indicates that the percentage
change in b,ps prc (at 370 nm) is about +25% if the different values of
AAEg( are used.

2.3. HR-ToF-AMS measurements and source apportionment method

In parallel, the HR-ToF-AMS (Aerodyne Inc, USA) was also operated
that measured non-refractory PM; (NR-PM;), composed of OA, SO?{,
NO3, NH; and CI™, in real-time at the interval of two minutes. It was
operated in the highly sensitive V mode, and all the required calibrations
such as particle velocity, ionization efficiency (IE), and inlet flow per-
formed using well-known standard protocols (Canagaratna et al., 2007).
The mass-based IE calibration was done using 300 nm ammonium ni-
trate particles, and the default RIEs mentioned by Canagaratna et al.
(2007) were utilized in this analysis. The ammonium nitrate particles of
different diameters are used to derive the empirical parameters of the
velocity equation. The standard toolkits named SQUIRREL (SeQUential
Igor data RetRiEval) and PIKA (Peak Integration by Key Analysis)
written in IGOR (Wavemetrics, Inc., Lake Oswego) were used to analyze
the HR-ToF-AMS data (Canagaratna et al., 2007). The raw data is pro-
cessed with the standard fragment table (Allan et al., 2004). However, to
eliminate the contributions of gas-phase CO; from the measured CO3
(m/z = 44) signal, a small adjustment was made (Singh et al., 2019). The
elemental ratios of OA (O/C, H/C) and organic matter to organic carbon
(OM/OC) ratio were derived with an improved-ambient method (Can-
agaratna et al., 2015). More details about the calibrations procedure and
data processing are provided in our earlier publication (Rastogi et al.,
2019; Singh et al., 2019).

Source apportionment of OA mass spectra was performed using the
positive matrix factorization (PMF) model (Paatero and Tapper, 1994).
The Multilinear Engine-2 (ME-2) algorithm (Paatero, 1999) was used to
solve the PMF model and was implemented using the Source Finder
(SoFi, Datalystica Ltd., Villigen, Switzerland) interface version 6.6
(Canonaco et al.,, 2013). To explore the rotational ambiguity, The
SoFi/ME-2 package allows the use of a priori information in the PMF
analysis, so that elements of either the G and/or F matrix can be con-
strained from known factor profiles and/or factor time series. This is
known as a-value approach. A total of five OA factors were identified in
the PMF analysis, which were hydrocarbon like OA (HOA), biomass
burning OA (BBOAl and BBOA2), semi-volatile oxygenated OA
(SVOOA), and low-volatile oxygenated OA (LVOOA). More information
on the PMF analysis is provided in the supplement document (Fig. S3).

3. Results and discussion
3.1. Characteristics of light-absorbing species (BC and BrC)

Fig. 1 displays the temporal variation in mass concentrations of BC at
370 nm (BCsy¢ also known as UVPM) and 880 nm (BCgg) during the
whole campaign. Large variability was recorded in the mass concen-
tration of BCsyg (1.3-113 pg m~>) and BCggp (1.0-90 pg m~2) with a
period average of 21 + 17 pg m > (avg + 1o) and 16 + 13 pg m™>,
respectively, over Delhi. These variations can be attributed to many
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Fig. 1. Temporal variation in concentrations of BCs;o and BCggo aerosols
(concentrations are stacked).

parameters, such as temporally varying sources, regional transport
patterns, atmospheric processing, and meteorological conditions. This
study was conducted during winter so the shallower atmospheric
boundary layer (<200 m except for noon hours, Fig. S4) also favors the
accretion of the particles near the surface. Earlier studies from the same
region also reported the high aerosol loading events during winter due
to heavy local pollution, regional transport, and stagnant atmospheric
conditions (Bikkina et al., 2019; Gani et al., 2019; Rai et al., 2020).
During winter, the regional transport from upwind locations also con-
tributes significantly (around 42%) to the ambient BC concentrations
along with local sources over Delhi (Bikkina et al., 2019).

Fig. 2 depicts the diurnal variation in the BC3;¢ and BCggy that
provides deeper understandings of the effect of sources and atmospheric
processes on BCsy and BCggg abundances. The BC at 370 and 880 nm
displayed a significant diurnal cycle with higher concentrations during
the morning and evening hours, which overlap with traffic rush hours.
The BC at both the wavelengths showed a similar diurnal variation
except during the evening hours, where a relatively higher rate of
change was observed in BCg7o, which is also reflected in the BCs70,850
mass ratio. A relatively high BCsy(/g30 mass ratio during evening time
suggested that the biomass burning emissions/residential wood-burning
can significantly contribute to the evening peak of BC (Herich et al.,
2011; Rastogi et al., 2020), in addition to vehicular emissions (Fig. 2).
The boundary layer dynamics also favor the accretion of the particles
close to the Earth’s surface during the morning and evening hours
(Fig. S4). BC exhibited lower concentrations during the middle of the
day probably because of the collective effects of reduced vehicular
emissions and extended atmospheric boundary layer (Fig. 2 and S4). It is
interesting to note that the concentrations of BC remained on the higher
side during the mid-night hours. The higher concentrations of BC during
the night time could be due to the fresh local emissions from diesel
trucks as their entry to Delhi is banned from 07:00-21:00 LT (Wang
et al., 2020). This inference is supported by the observed decrease in
BCs370,880 mass ratio from mid-night till morning (Fig. 2). Furthermore,
the contribution of traffic and biomass burning emissions to ambient BC
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Fig. 2. Diurnal variation in BC37¢ and BCggo concentrations, and BC (370,s50)
mass ratio.
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is estimated using the spectral dependence of light absorption by the BC
coming from the different sources (Sandradewi et al., 2008; Pani et al.,
2020). The diurnal variations in the biomass burning derived BC (BCgp),
BC coming from traffic (BCrrffic), and the relative contribution of
BCrraffic to BCpp are shown in Fig. S5. The relative contribution of
BCrraffic in comparison to BCpp exhibited an increasing trend during
mid-night hours and the mass concentration of BCryqffic also remained
high during these hours, which supports our earlier argument related to
the nocturnal impact of diesel tracks on the ambient BC. The morning
traffic peak and the impact of BB emissions on the concentration of
ambient BC during late evening hours are reflected in the diurnal vari-
ation of BCryaffic/BCpp mass ratio (Fig. S5).

Furthermore, the Aethalometer measurements at seven wavelengths
were used to estimate the spectral absorption coefficient (baps) during
the study period, as shown in Fig. 3. In this study, the mean value of b,
is found to be 181, 135, 113, 96, 81, 58 and 54 Mm ! (1M = 10°) at
370, 470, 520, 590, 660, 880 and 950 nm, respectively over the study
site. The values of bps decreased exponentially with an increasing
wavelength (from 370 to 950 nm) as evident from Fig. 3. A similar
variation in spectral by is reported by several researchers across the
globe for ambient measurements (Singh et al., 2014; Massabo et al.,
2015; Ran et al., 2016). The value of baps (58 Mm ! at 880 nm) over
Delhi is significantly higher than that observed over Patiala (27 Mm ! at
880 nm) during winter, a site located in the upwind direction of Delhi
(Singh et al., 2014). It highlights the severity of pollution levels over
Delhi. The wavelength dependence of by is usually given by a power
law and the exponent of the power-law fitting is termed as AAE (Ramana
et al., 2010; Singh et al., 2014). In this study, the values of bps over
seven wavelengths (370-950 nm) are fitted using power law, and the
corresponding values of AAE varied from 0.96 to 1.66 (1.27 + 0.10;
average + 10). The wavelength dependence of b,ps gives an idea about
the sources, as the magnitude of AAE varies for different sources. The
AAE value of unity is often used for pure black carbon, around 2 for the
aerosol from savanna biomass burning (Kirchstetter et al., 2004), and
greater than 2 for mineral dust (Russell et al., 2010). Singh et al. (2014)
reported an AAE of 1.5 for paddy residue burning in Punjab state which
is located in the upwind of the present study region. The values of AAE
higher than unity also represent the presence of brown carbon (BrC)

7004
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Fig. 3. Spectral variation of absorption coefficient (b,s) during the study
period. The boundary of the box closest to zero indicates the 25th percentile, a
line within the box represents the median, and the boundary of the box farthest
from zero indicates the 75th percentile. Error bars above and below the box
indicate the 90th and 10th percentiles. Cross marks closest to zero and farthest
from zero are indicative of the 1st and 99th percentile, respectively.
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because BrC exhibit considerable absorption in UV and near short visible
wavelengths than that at longer wavelengths (Andreae and Gelencsér,
2006; Bergstrom et al., 2007). The frequency distribution of AAE ob-
tained in this study is skewed towards the higher values (>1) with a
mean value of 1.27, which indicates a significant presence of BrC over
the study region (Fig. S6), which is also discussed in the literature
(Andreae and Gelencsér, 2006; Bergstrom et al., 2007; Bikkina et al.,
2016; Choudhary et al., 2018). Moreover, AAE displayed a noticeable
diurnal variation, which reflects the variability in the sources of
absorbing carbonaceous species throughout the day (Fig. S7). The AAE
during the day time {07:00 to 18:00 local time (LT)} was ~1.27, which
was close to the mean value of AAE during the sampling period. How-
ever, AAE values were minimum at 05:00 and 17:00 LT and peaked
between 19:00-21:00 LT (AAE ~1.4). The significant higher value of
AAE from 19:00 to 21:00 LT and marginal increase in AAE values during
the 06:00 to 16:00 LT could be due to the increase in the relative
contribution of biomass burning emissions/residential wood-burning
which is supported by a higher BCsyg,/830 mass ratio at the same time
(Fig. 2). The lowest AAE values during the morning and evening hours
(around 05:00 LT and 17:00 LT) were attributable to a decrease in
UVPM (BCsy0; related with biomass burning emissions/residential
wood-burning) relative to BCggg at the same time (Fig. 2). The emissions
from diesel trucks could be a possible reason for the decline in the
magnitudes of AAE after mid-night hours. The AAE exhibited a
decreasing trend under the influence of traffic emissions and showed the
enhancement under the impact of biomass burning emissions/residen-
tial wood-burning. It is also supported by the variation of BCrrafric/BCpp
ratio (Fig. S5).

The spectral absorption pattern of baps prc and b,ps pc suggests that
BC is the dominant light absorber at all wavelengths whereas BrC
contributed considerably to total absorption at shorter wavelengths
(Fig. 4). The mean fraction of b,y prc to total absorption (baps) during
the sampling period is found to be 23, 18, 12, 10, and 4% at 370, 470,
520, 590, and 660 nm, respectively, during the present study. The
contribution of baps prc to total absorption (baps) during this study is
similar to a report from a suburban site downwind of Guangzhou, China
(Qin et al., 2018). For further investigation, the absorption at 370 nm is
considered as the BrC absorption, which is more prominent at 370 nm as
compared to other wavelengths (Laskin et al., 2015 and references
therein). Diurnal variation of baps prc and b,ps e at 370 nm displayed a
similar trend from 07:00 to 18:00 LT (Fig. 5). In contrast to the diurnal
cycle of baps prc and baps e at 370 nm, the relative contribution of
babs rc and baps pe to total baps at 370 nm exhibited the opposite trend
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Fig. 4. Average absorption coefficient (b,ps) of black carbon (BC) and brown
carbon (BrC) during the observation period. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. Diurnal variations in absorption coefficient (baps) of black carbon (BC)
and brown carbon (BrC), and their relative contributions to the total absorption
coefficient (b,ps) at 370 nm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

(Fig. 5). Fig. 5 depicts the contribution of baps pc to total baps at 370 nm
which start increasing after mid-night and attained the highest fraction
(around ~82%) in the morning at 06:00 LT and again start decreasing in
the afternoon hours with a small increase from 15:00 to 17:00 LT. There
was a steep decrease in b,ps pc/baps during the evening to night time
(18:00 to 21:00 LT), and it attained the lowest fraction of ~69%, and
after that, it increases till 06:00 LT. In both cases, drastic changes in the
fraction to total absorption has occurred during late evening hours
(Fig. 5). This enhancement in byps prc/babs is likely due to an increase in
the relatively higher contribution of BB-derived aerosols during late
evening hours which is also indicated by the enhancement in BC37¢,3880
and BCryqffic/BCpp mass ratio during that time (Fig. 2 and S5). Despite an
increase in bups Brc/babs ratio at 370 nm during late evening hours, BC
has still higher absorption than the BrC at 370 nm and also at other
wavelengths, suggesting that BC is the dominant absorbing component
of absorbing carbonaceous aerosols.

3.2. Primary versus secondary BrC

The BrC may consist of thousands of organic compounds and every
compound may have diverse absorbing characteristics. Analytically, it is
extremely difficult to assess all the distinct BrC species and their optical
characteristics. Therefore, researchers often study the absorption coef-
ficient at a certain wavelength as a measure of BrC. Recently, Satish and
Rastogi (2019) used the absorption spectrum of BrC to assess their
broader composition over a semi-urban city of India. Although this
method is not the replacement of performing molecular speciation of
BrG, it is useful in identifying the bulk composition. This method is based
on the idea that BrC chromophores absorption is wavelength-specific
(Kirchstetter et al., 2004; Lukacs et al., 2007; Lin et al., 2015). Thus,
the ratio of b,ps prc Of a sample normalized to reference (or other) sample
at different wavelengths gives an idea about the BrC bulk composition.
Earlier studies reported that baps gr¢ at 365 nm is mainly due to HULIS
type BrC (generally primary origin) and absorption at >400 nm is likely
due to nitroaromatic-type BrC (mostly secondary origin) (Lukdcs et al.,
2007; Lin et al., 2015; Xie et al., 2017). Earlier studies suggested that
most of the water-soluble HULIS type compounds are bounded with the
submicron particulates (Lin et al., 2010), so HULIS type BrC was also
expected in a considerable amount during present study.

The diurnal variability in the ratio of b,ps p:c at 470 nm to the 370 nm
(babs Brc (470/370)) is shown in Fig. 6. In this study, we assumed that the
observations of b,ps prc at 370 nm represent the absorption due to HULIS
like compounds, and at 470 nm is caused by nitro-aromatic-type BrC,
similar to the method proposed by Satish et al. (2017). Thus, the present
discussion mainly focuses on the variability in HULIS-type BrC versus
nitro polycyclic aromatic hydrocarbons (PAHs) BrC. If BrC was from one
source only, then it is anticipated that the ratio of spectral absorbance
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Fig. 6. Diurnal variation in the ratio of absorption coefficient (baps) of brown
carbon (BrC) at 470 to 370 nm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

(370/470) would be the same at different times of the day. Fig. 6
depicted that there was substantial diurnal variability in baps prc
(470/370) ratio which indicates that the BrC sources were not uniform
throughout a day over the study region. The b, prc (470/370) ratio
decreased during the morning (~07:00-12:00 LT) and evening hours
(~19:00-22:00 LT). A decline in the ratio during morning hours
matched well with rush hours when the primary emissions from vehicles
are expected. However, such a trend was not observed during the eve-
ning rush hours (17:00-18:00 LT). It could be due to the abundance of
nitro-PAHs during that time which absorbs visible light efficiently (Yu,
2002), or these BrC species may be photosensitive. The bapsprc
(470/370) ratio also displayed enhancement during early morning
hours (~02:00-06:00 LT) and afternoon to evening hours
(~14:00-18:00 LT). The increase in baps grc (470/370) ratio during
~14:00-18:00 LT suggests the photochemical formation of secondary
BrC whereas nocturnal oxidants may be accountable for the early
morning peak. This study was carried out during the winter when the
people of this region often using the bonfire (usually burn biofuel, wood,
coal, etc.) to keep themselves warm during the cold morning and eve-
ning hours. The b,ps prc (470/370) ratio displayed an interesting diurnal
cycle which warrants further investigation. Overall, it indicates that
primary BrC (mainly HULIS like compound) was dominant during
morning and night time whereas secondary BrC was significant during
the rest of the time.

3.3. The contribution of different sources to BrC absorption

During this study, the HR-ToF-AMS was also run simultaneously
along with the Aethalometer. Similar to the BC, the AMS measurements
(NR-PM,) also recorded a strong variability in the mass concentration of
OA (7.2-468 pg m~3), SO2~ (3.7-114 pg m~>), NO; (2.0-64 pg m™>),
NH; (3.7-102 pg m~%) and ClI~ (0.2-186 pg m~>) during the study
period. The composition of NR-PM; is dominated by OA, contributing on
average ~47% to the total NR-PM; mass, followed by NH; (16%), NO3
(14%), SO?{ (13%), and Cl~ (10%). The dominance of OA in NR-PM;
composition observed in this study is consistent with the earlier reported
studies, showing ubiquitous dominance of organics in fine particles
(Hallquist et al., 2009; Zhang et al., 2011; Hu et al., 2016; Singh et al.,
2019; Thamban et al., 2019). After OA, the composition of NR-PM; is
dominated by NH; which was sufficient to neutralize all the acidic ions
(SO?{, NO;3, and Cl") (Fig. S8). It is important to mention here that the
aerosol neutralization ratio is estimated by presuming NH; is the only
predominant cation in submicron size. It further indicates that NH; was
the major cation forming secondary inorganic salts such as NH4NOs3,
(NH4)2S04, and NH4Cl (Zhang et al., 2007). Exceptionally high mass
fraction and concentrations of CI~ were also recorded (0.2-186 pg m™~>)
during this study, consistent with the earlier study from Delhi (Gani
et al., 2019; Tobler et al., 2020). Ambient CI~ concentrations observed
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over the study region is one of the highest recorded concentrations of
Cl™ worldwide. The emissions from 2 coal-based power plants and waste
combustion yards along with regional transport of biomass burning
smoke could be the source of HCI over Delhi (Crisp et al., 2014).
Co-variability of NH; and Cl™ suggests that the CI” was likely neutral-
ized by the NH3 alone to form the NH4Cl under the favorable meteo-
rological condition (high RH and low temperature), which is
corroborated by the decreasing concentration of CI~ with increasing
temperature, as NH4Cl is a volatile compound (lanniello et al., 2011).

To assess the relation between OA factors and baps prc at 370 nm, the
correlation between these factors and b,ps prc at 370 nm is investigated.
The baps prc displayed a strong correlation with most of the PMF factors
such as HOA (r* = 0.70), BBOA1 (* = 0.64) and BBOA2 (r* = 0.78), and
moderate correlation with SVOOA (r*> = 0.48) (Fi g. S9). However, the
LVOOA exhibited a very poor correlation with baps rc ® = 0.01). It
suggests that oxidized or aged OA does not contribute to BrC absorption
significantly. This type of poor relationship between LVOOA and baps grc
was also reported earlier over the Indian city Kanpur (Satish et al.,
2017). Further, the relationship between components of OA provided by
PMF and the b, grc Was utilized to assess the role of each factor in the
BrC absorption (mass absorption efficiency of each factor). In this
analysis, the BBOA factor represents the combination of both BBOA1
and BBOA2. The LVOOA factor is excluded from the analysis due to its
negligible contribution towards BrC absorption, as also evident from
their poor correlation with b,ps prc (Fig. S9). The total absorption coef-
ficient of OA (i.e. BrC) is the summation of the absorption coefficient of
the n parts of the OA (de Sa et al., 2019):

babs_Brc = babs_0A1 + Dabs_0A2 + babs_0A3 + -+ --n - + babs_oAn 3)

Here, we assumed the nonappearance of cross-interactions between the
parts and it holds for a single wavelength. The absorption coefficient
babs,i of part i as follows:

baps.i = Babs.i* Ci (©)]

where Egps; is the mass absorption efficiency and C; is the mass con-
centration of part i (in pg m~>). By combining the above two equations,
the following equation was constructed

babs_Brc = Eabs, HoAGHOA + Eabs, BBoAGBBOA + Eabs, svooaGsvooa + B(5)

where G; refers to the concentration of factor i (in pg m~3), and the
unknowns are the mass absorption efficiencies Eqps,i (in m? g’l) related
with these PMF factors. An intercept B corresponds to the variability not
described by the PMF factors. Other studies also used this type of
multivariate linear regression to assess mass absorption efficiencies
(Ealo et al., 2018). The highest value of E,ps at 370 nm, assessed through
multivariate linear regression of baps prc 0n OA factors as per equation
(5), is observed for BBOA (0.86 m? g™ 1), followed by SVOOA (0.67 m?
g1 and HOA (0.42 m? g 1), reflecting the characteristics of BrC coming
from these source factors. The intercept of the analysis is found to be
6.75 Mm ™ *. This absorption of BrC is not explained by the OA compo-
nents likely because the statistical model does not consider the physical
process such as mixing state etc. The multi-collinearity between these
PMF factors (excluding LVOOA) is also checked using the variance
inflation factor (VIF) (Table S1). It is found that BBOA and HOA showed
moderate correlation with other factors (VIF is in the order of 5).
However, there is no problem of multi-collinearity in the case of SVOOA
as VIF was close to unity. The existence of multi-collinearity in the case
of BBOA and HOA could be due to their primary nature and it is one of
the limitations of this regression model. The E,ps of 0.82 and 1.50 m? g’1
at 370 nm is reported for more oxidized BBOA and less oxidized BBOA,
respectively, over central Amazonia (de Sa et al., 2019). The Egps of
BBOA (0.86 m? g 1) in this study is very similar to that reported by de Sa
et al. (2019) for more oxidized BBOA (0.86 m? g’l). However, they
observed significantly higher (2.04 m? g~1) mass absorption efficiency
in the case of HOA as compared to this study (0.42 m? g~1), which could
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be due to differences in the HOA sources or meteorological factors. In
another study by Xie et al. (2018), the E,ps of 0.62 m? g_1 at 365 nm is
reported for gasoline vehicles. The highest mass absorption efficiency
was observed for the biomass burning factor and lowest in the case of
HOA in this study. The lower mass absorption efficiency of oxidized OA
(SVOOA) is likely due to the photo-bleaching of the BrC compound
(Bikkina et al., 2016; Satish et al., 2017).

Furthermore, the mass absorption efficiency of each factor is used to
estimate the contribution of each factor in b,ps ¢ as per Equation (5).
The composition of OA is dominated by LVOOA (32%) and BBOA (32%),
followed by SVOOA (22%), and HOA (14%) (Fig. 7). However, their
contribution to baps prc did not follow the same order due to differences
in their mass absorption efficiencies as evident from Fig. 7. The LVOOA
is the largest contributor to OA loading along with BBOA but it has
virtually no contribution to BrC absorption. However, the high loading
of LVOOA could be one of the major reasons behind the Delhi haze
during winter due to their relatively more hygroscopic nature as
compared to other OA components (Ng et al., 2011). On the other hand,
biomass burning factors (sum of BBOA1 and BBOA2) shared the same
fraction in OA mass (32%) as contributed by the LVOOA, but almost half
of b,ps Brc (48%) comes from biomass burning aerosol. The present study
was conducted in the megacity where the number of vehicles is very
high (~11 million in 2018; Rai et al., 2020). But their effect is not re-
flected in the contribution of HOA to baps prc (10%). It indicates that the
primary OA coming from vehicular emissions has relatively less poten-
tial to absorb UV light compared to the biomass burning derived OA
during winter. The SVOOA is the second largest contributor in OA
loading and it has also displayed significant absorption (26%). The
SVOOA also belongs to oxygenated aerosols similar to LVOOA but
contained relatively less photochemical aged aerosol as compared to
LVOOA which makes SVOOA more absorbing than that of LVOOA. All
these factors accounted for 84% of baps prc and 16% comes from other
factors that are not explained by PMF factors.

The understanding of light absorption due to OA is in the initial stage
and most of the models considered OA as a purely scattering aerosol
(Myhre et al., 2013). The results of this study state that the contribution
of both urban and biomass burning emissions to OA absorption is sig-
nificant. The recent estimations showed that the atmospheric radiative
forcing due to water-soluble BrC is around 40% and methanol-soluble
BrC is around 62% of that due to BC over a region dominated by

32%

22%
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B HoA
I BBOA s 14%
I L VOOA -
I SVOOA
B Other
(b)
16%

48%
10%

Fig. 7. The relative contribution of OA component loadings (a) to OA mass and
(b) to brown carbon absorption at 370 nm (baps prc). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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biomass burning emissions (Bikkina et al., 2016; Satish et al., 2020).
Thus, absorption due to OA should be included in the model to assess the
actual impacts of aerosol on the climate.

4. Conclusions

The direct radiative forcing at the top of the atmosphere due to
organic aerosol can change from cooling to warming when strong BrC
absorption is incorporated in global climate models. However, to assess
the precise impact of BrC on climate, a proper understanding of BrC
absorption and its sources is very important. This study reports the ab-
sorption properties of fine particulates using the co-located measure-
ments of Aethalometer and HR-ToF-AMS over Delhi during winter.
Aethalometer measurements at seven wavelengths (370-950 nm) are
used to estimate the spectral absorption coefficients (bgps). Further, the
babs is separated into absorption due to BrC (baps grc) and BC (baps Bc)
using absorption Angstrom exponent (AAE) method. On a diurnal scale,
BrC exhibited higher absorption during late evening hours due to an
increase in the contribution of BB derived aerosol at that time. However,
BC showed overall higher absorption than BrC at all the wavelengths.
Our results suggest that BrC composition is a mixture of at least HULIS
and nitrogen-containing organic compounds over the study region. The
OA, measured with HR-ToF-AMS, separated into their five components
(BBOA1, BBOA2, HOA, SVOOA, and LVOOA) using PMF. The OA
composition was dominated by LVOOA (32%) and BBOA (32%), fol-
lowed by SVOOA (22%), and HOA (14%). BBOA is the major source of
highly absorbing BrC and highly oxygenated OA (LVOOA) is relatively
much less absorbing. Further, the mass absorption efficiency (Eaps) of
each factor was assessed through multivariate linear regression of
babs Brc With OA factors. The biomass burning OA (BBOA1+BBOA2)
exhibited the highest E,ps at 370 nm (0.86 m? g_l), followed by SVOOA
(0.67 m? g’l) and hydrocarbon-like OA (HOA, 0.42 m? g’l). Further our
results suggest that BBOA contributed almost half of baps prc (48%),
followed by SVOOA (26%) and HOA (10%). Although the LVOOA was
one of the dominant fractions of OA (32%), it has a negligible contri-
bution to baps rc. These results have implications in understanding the
source-specific BrC absorption which can further be used in adopting
effective mitigation policies. These results also have implications in the
regional climate models.
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