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Abstract

Biofuel combustion is an important source of particulate light absorbing organic carbon (OC), also
known as brown carbon (BrC). We applied spectrophotometry to characterize methanol-extracted
BrC from emission tests of “real-world” biofuel combustion in India and Malawi, including wood
stoves (‘traditional’, ‘improved’ and ‘chimney’) and artisanal charcoal kilns. Average mass
absorption coefficient (MACyuik)) of extracted BrC was highest for ‘traditional’, followed by
‘improved’, ‘chimney’, and ‘charcoal’, at near-ultraviolet to blue wavelengths, with this order
reversed for BrC absorption Angstrom exponent (AAE). MACoyuk,) in UV wavelengths was
positively correlated with the elemental carbon to organic aerosol ratio (EC/OA), though the
correlation was weaker than that observed in laboratory cookstove samples. BrC imaginary
refractive indices (k) were anti-correlated with wavelength dependence (w), thus less wavelength
dependent BrC had higher light absorptivity. MACyuix correlated with the fraction of OC evolving
at higher temperature steps in thermo-optical analysis, consistent with a link between BrC
absorptivity and OC volatility, and suggesting that BrC absorption may be parameterized using
existing OC data. Modeling analyses showed that BrC makes a strong contribution to overall
absorption (average of 48% to 80% at 365 nm), and a strong negative correlation between EC/OA
and the relative contribution of BrC to total aerosol (BrC + BC) light absorption; the latter trend is
dominated by quantity versus optical properties of BrC. The estimated direct radiative effect of
BrC is approximately equal to that of BC for biofuel combustion emissions in India, highlighting
the importance of BrC in the climate energy budget.


mailto:apgriesh@ncsu.edu

1.0 Introduction

Biomass and biofuel burning combustion is a major source of global black carbon (BC) and
organic carbon (OC) emissions (Bond et al. 2004). BC is light absorbing and contributes to global
warming (Bond et al. 2013), while OC has traditionally been treated as light scattering,
contributing to global cooling. However, evidence from the past two decades suggest that some
fraction of OC absorbs light at near-UV and shorter visible wavelengths with strong wavelength
dependence (Saleh 2020; Lack and Cappa 2010; Kirchstetter et al. 2004), unlike BC that absorbs
light across the spectral range with weak wavelength dependence. This light absorbing OC is
known as brown carbon (BrC) (Andreae and Gelencsér 2006), which affects earth’s radiative
balance by absorbing incoming solar radiation (Chakrabarty et al. 2016; Saleh et al. 2015; Chen
and Bond 2010).

Residential biofuel burning in cookstoves accounts for approximately 12% of ambient PMx s
globally (Chafe et al. 2014) and 25% of OC emitted from biomass burning worldwide (Bond et al.
2004). Although cookstove emissions have been extensively characterized in the laboratory and in
the field (Champion and Grieshop 2019; Grieshop et al. 2017; Pandey et al. 2017; Jetter et al.
2012; Jetter and Kariher 2009), optical properties of emitted particles, especially the light
absorbing OC (BrC), have not been widely studied. Several studies have quantified BrC absorption
from cookstove emissions during controlled laboratory testing. Xie et al. (2018) investigated the
influence of fuel types on methanol-extracted BrC mass absorption cross-section (MAC) and
found that MAC of BrC from red oak combustion in stoves was 2-6 times higher than that from
charcoal and kerosene stoves. Another laboratory cookstove study (Sun et al. 2017) applied the
integrating sphere method to separate BrC contribution from BC absorption and attributed 26.5%
of total light absorption from residential coal combustion emissions to BrC. Pandey et al. (2020)
measured BrC and BC absorption on filters collected during field cookstove emissions testing and
found similar contributions from the two components to total absorption. Several studies have also
examined influence of BrC from biomass and biofuel burning emissions to direct radiative forcing
and to regional/global climate via simplified calculations (Pandey et al. 2020; Saleh et al. 2015).
However, considering the high variability in biofuel emissions observed in field versus lab studies
(Johnson et al. 2008, 2019; Mitchell et al. 2019; Weyant et al. 2019; Shen et al. 2015), further
evaluation of the optical properties and radiative impacts of these BrC emissions is needed.

The physicochemical properties of particles emitted during combustion depends heavily on
combustion conditions. Saleh et al. (2014) suggested that BC/OC, as a proxy of combustion
condition, can serve as a metric for parameterizing BrC optical properties, primarily because the
prevalence of organic precursors of BC in BrC depends on combustion conditions. These
precursors tend to be more light absorbing than the remaining BrC as they nearly reach the BC
formation threshold (Saleh et al. 2018) during the combustion process. Several subsequent biomass
and biofuel burning studies explored BC/OA and modified combustion efficiency (MCE = ACO»
/ (ACO; + ACO); where A indicates a background corrected mixing ratio) — another proxy of
combustion conditions — as indicators of BrC production during controlled lab burns. For example,
Xie el al. (2018) observed strong association between burn condition (e.g., EC (elemental carbon)
/ OC and MCE) and BrC optical properties (e.g., MAC and absorption angstrom exponent, AAE).



Several lab biomass burning studies (McClure et al. 2020; Kumar et al. 2018) also observed a
dependence of BrC absorption on EC/OC (or BC/OC). On the other hand, studies have typically
found weak associations between BrC absorption and MCE (Pokhrel et al. 2016; McMeeking et
al. 2014). To our knowledge, no study has explored the influence of burn conditions during field
cookstove use on BrC absorption.

This study quantifies BrC absorption from “real-world” emission samples from four combustion
categories representing a wide range of activities common in low/middle income countries with a
high reliance on solid fuel combustion for energy: traditional biomass stoves, improved biomass
stoves, improved chimney stoves and charcoal production kilns. The main research questions we
explore here are: (a) What are the light absorption properties of BrC from diverse ‘real-world’
emissions of biofuels combustions? (b) How do these properties compare with those measured in
lab studies? (c¢) Can we explain variability in these properties using more easily available factors
(e.g. combustion conditions, thermal-optical OC-EC measurements)? (d) What are the relative
radiative impacts of the co-emitted BC and OC?

2.0 Methodology

2.1 Site description and biofuel combustion

We characterized BrC absorption in biofuel emissions measured during field campaigns in India
and Malawi. In India, we measured cookstove emissions during uncontrolled cooking activities
with varying fuel types, cooking durations, types of foods, and time of day at two study sites: Kullu
district in northern India and Koppal district in southern India. The study sites and design are
described in detail elsewhere (Islam et al. 2020) and only briefly mentioned here. 253 emission
tests were conducted for a range of stoves including traditional solid fuel stoves (including three
stone fire and simple mud/clay chulhas — TSF hereafter), improved/alternative biomass stoves
(including Envirofit and Prakti rocket stoves and Teri gasifier), traditional and improved chimney
tandoor stoves, and liquefied petroleum gas (LPG) stoves. To explore BrC absorption and its
possible dependence on stove technologies, combustion conditions, and OC fractions from OC-
EC analysis, we chose a subset of biomass stoves tests that span a wide range of OC-to-EC ratio
(0.73 — 15) and MCE (0.88 — 0.98). We selected 48 filter samples for BrC extraction from this
campaign: 34 TSF, 9 improved biomass and 5 chimney stoves tests (Figure S1). In Malawi, we
measured emissions from small industries including charcoal kilns and brick kilns in addition to a
variety of stove technologies (e.g. TSF and improved biomass). Here we used filter samples from
5 charcoal kiln tests. Charcoal kilns use pyrolysis to carbonize fuel and are known to emit
predominantly OC (Keita et al. 2018; Pennise et al. 2001; Lacaux et al. 1994), and are thus distinct
from combustion sources which are predominantly flaming (e.g. cookstoves). For this study we
selected charcoal kiln samples (OC-to-EC ratio: 15 — 54, MCE: 0.83 — 0.89) in order to explore
the influence of vastly different “real-world” combustion conditions on BrC emissions. Note that
for stoves, emissions were measured during a complete cooking/combustion event, while complete
combustion events of charcoal kilns (usually 24-36 hours) were not captured due to battery
capacity limitations of the mobile instruments. Hence, we conducted two tests at each kiln: the
first test captured the start-up of the kiln, and the second 1-2 hours later.



2.2 Emission testing

We applied the ‘plume probe’ method (Champion and Grieshop 2019; Wathore et al. 2017; Roden
et al. 2006) for emission measurement in which a six armed stainless steel probe was used to collect
a representative sample of emissions from the plume. For the cookstoves, the probe was placed 1-
1.5 m above the cookstove (Figure S2). In households with a chimney, the probe sampled
immediately above the chimney’s exit (Figure S3). For the charcoal kiln emission measurement,
the probe was set up near a vent in the earthen kiln (Figure S4). Emissions were measured using
the Stove Emission Measurement System (STEMS), a battery-powered portable instrument
package that includes an electrochemical carbon monoxide (CO) sensor, a nondispersive infrared
carbon dioxide (CO.) sensor, a 635 nm wavelength laser light scattering PM sensor and a
temperature/relative humidity sensor (Islam et al. 2020). STEMS has two parallel 47 mm filter
trains to collect integrated PM: one contains a bare quartz filter; the other contains a quartz filter
behind a Teflon filter. Punches from the quartz filters were used for thermo-optical organic and
elemental carbon (OC/EC) analysis (via Sunset OC-EC analyzer) while the Teflon filters were
analyzed for gravimetric PMy s, described elsewhere (Islam et al. 2020). Quartz filters behind the
Teflon were used to correct the gas phase absorption artifacts (Islam et al. 2020) in quantifying
OC mass. Here, we only extracted OC from the bare quartz filters, since a previous stove study
(Xie et al. 2018) found no substantial changes in BrC absorption properties after artifact correction.
From emission measurements, we calculated MCE and EC/OA as proxies for burn conditions. OA
was calculated using OA/OC values of 1.9 £ 0.56 (average + standard deviation) that were
observed in a previous lab study characterizing TSF and improved biomass stove emissions (Reece
et al. 2017)).

2.3 Light absorption measurement of BrC

We solvent-extracted methanol-soluble BrC from the bare quartz filters collected during emission
measurements. Methanol has shown moderately high extraction efficiency (85% to 98% of OC
mass) in prior studies (Xie et al. 2018; Cheng et al. 2016). The advantage of a solvent-based OC
extraction approach (Shetty et al. 2019; Liu et al. 2013; Chen and Bond 2010) is that it excludes
EC inferences from the absorption spectra. However, a drawback is that methanol and other
solvents (e.g. water, acetone) may not extract the lowest-volatility organic carbon, often
considered the most absorbing fraction (Cheng et al. 2020; Saleh 2020; Adler et al. 2019; Corbin
et al. 2019; Saleh et al. 2014). For our extraction, we placed a filter punch (1 ¢cm?) into 5 mL
methanol and sonicated the solution for 1.5 minutes since sonication was observed to increase
extraction efficiency by 10-15% (Polidori et al. 2008). Following sonication, we filtered the extract
using a syringe through 0.45 um PTFE syringe filter to remove solid particles and impurities. We
then used a spectrophotometer (Horiba Aqualog) to collect the absorption spectra (239 to 800 nm
wavelengths with 3 nm interval) of the BrC extract. Sonication destroyed the filter punch and
hence we were not able to quantify OC extraction efficiency. A study with cookstove samples (Xie
et al. 2018) observed high extraction efficiency (~93%) of OC by methanol without sonication and
calculated the light absorption properties of OC assuming 100% extraction efficiency; we follow
the same practice for our calculations.



2.4 Estimation of light absorption properties

We converted the light absorption of the bulk solution measured by the spectrophotometer to light
absorption coefficient (Bab, Mm™) in the sampled air using equation 1.

Areagiiter

Bapa = (Ay — Ap) X % X In(10) x Equation (1)

Areapynch

where, Aj. is the absorption measured at wavelength A, Ayl is the minimum absorption between 650
nm and 700 nm (which was subtracted from Aj to correct for baseline drift), Vi is the volume of
the extract (5 ml), V. (m?®) is the volume of the air sampled through the quartz filter during emission
measurements, L is the spectrophotometer optical path length (0.01 m) and Areasiter / Ar€apunch 1S
the ratio of filter-to-punch areas.

We calculated bulk mass absorption cross-section (MAChuik,, m? g), also expressed as alpha-
density ratio (o/p) in some studies (Chen and Bond 2010; Sun et al. 2007) where a is absorption
coefficient and p is the density of dissolved substance, using the calculated Bap in m™! and OC
mass concentration in sampled air (Coc) in g m™ (equation 2). Note that MACyui denotes the mass
absorption cross-section of extracted BrC solution, which is distinct from the MAC of aerosol
(MAC.er). We used Mie modeling to convert MACopuik t0 MAC,er to use it for radiative forcing
calculation (Section 2.5).

MACpyuep = Bca;? Equation (2)

We estimated the imaginary part (k) of the complex refractive index (m = n + ik) of the extract
(Equation 3) employing the calculated MAChul, as in other OC extraction studies (Chen and Bond
2010; Kirchstetter et al. 2004), assuming that k is proportional to a (o = 4nk/A). We assumed a
density value (p) of 1.2 gm cm™ (Lu et al. 2015) for this calculation. We calculated AAE as the
slope of log-transformed MACpuix vs wavelength over the wavelength range of 239-551 nm.

MACpy 1A% pX A

k; = Equation (3)

4m
We also estimated absorption emission factor (Abs. EF, m? kg!) of extracted samples using the
calculated By in m™' from Equation 1, carbon fraction in fuelwood (Cuel =0.50) and background-
corrected carbon dioxide (ACO.) and carbon monoxide (ACO) mass concentrations in emissions
in g m as shown in Equation 4. Note that for the charcoal kiln, which pyrolizes rather than burns
the wood fuel, we multiplied Crer by 0.45, an estimate of the fraction of fuel carbon that goes to
emitted gases during charcoal production (Bertschi et al. 2003; Pennise et al. 2001). We applied
the non-parametric Wilcoxon rank sum test at 5% significance level to compare BrC light
absorption and combustion properties between biofuel combustion categories.

Bab,/lxcfuelX103

Abs.EF, =
bs A (ACO0conc+ACO02c0nc)

Equation (4)



2.5 Relative absorption and contribution to radiative effect by BC and BrC

We applied a Mie model (Saleh et al. 2014) to estimate the particle light absorption attributed to
BC and BrC using kg:c of extracts (estimated in section 2.4) as inputs. Other inputs including real
and imaginary parts of the refractive index of BC (mpc =1.85 + 0.711) and the real part of the
refractive index of BrC (1.6) were obtained from literature (Saleh et al. 2013, 2014; Lack and
Cappa 2010; Bond and Bergstrom 2006; Bond et al. 2006). In the absence of particle size
measurements in the field, we used size distributions of total aerosol measured in our lab (Figure
S5) using a scanning mobility particle sizer (SMPS, TSI Inc.). We assumed that OC and EC
occurred in the same size distribution as the total aerosol and that the laboratory distributions
applied to the field emissions. The median geometric mean diameter (inter quartile range) of
emissions from stoves in lab measurements was 84 (47) nm, in line with the values - 76 (22) nm -
observed during field testing of Indian stove emissions (TSF and improved biomass) (Eilenberg et
al. 2018). To estimate mass distributions of in-field OC and EC respectively for use in the Mie
model, we scaled the normalized lab particle mass distributions with the in-field mass
measurements of OC and EC. The scaling factors for OC and EC were the ratio of total aerosol
mass from the lab size distribution to the OC and EC mass measured in field emissions,
respectively. Note that we only had particle size measurements of TSF and improved stove
emissions, so the relative absorption and radiative impact analysis were limited to TSF and
improved stove samples only.

For radiative impact analysis, we followed the approach of Saleh et al (2014) using the simple
forcing efficiency (SFE) modeling framework (Bond and Bergstrom 2006). Wavelength
dependent SFE (W g!) is calculated using Equation 5:

dSFE _ 1 ds(d) .2
dr 4 d@) wm

) (I'Fc) [2 (1 - as)zﬁ(/l) MSCger (/1) —4as MACger (/D] Equation (5)

Where, ds(L)/d(A) is the solar irradiance from the ASTM G173-03 reference spectra, Tam 1s the
atmospheric transmission (0.79), F. is the cloud fraction (0.6), a is the surface albedo (0.19), B is
the backscatter fraction (0.17), and MACaer and MSC.er are the aerosol mass absorption and mass
scattering cross-sections from Mie modeling.

Additionally, we calculated the ratio of simplified direct radiative effect (DRE) of PM (as
represented by OA + EC, the dominant PM components) to EC alone using the respective SFE
values as follows (Saleh et al. 2014):

DRE _SFEpM( 1
DREgc SFEgc ‘EC/OA

+1) Equation (6)

Estimating the contribution of BrC to absorption and radiative forcing requires knowledge of
mixing state, which we do not have. Hence, we considered three mixing state scenarios (see
(Saleh et al. 2014) for more details on assumptions) for the estimation of relative absorption and
radiative forcing of BC and BrC, and to evaluate sensitivity to mixing state assumptions: (a)
100% external mixing, (b) 50% external mixing and (c) 0% external mixing. Note that the



remaining percentages in scenario (b) and (c) were internally mixed particles (50% and 100%
respectively), which were assumed to have a core-shell morphology. To incorporate additional
information on the mixing state of cookstove emissions, we also categorized our samples based
on a MCE threshold of 0.95: (a) 0% - 80% external mixing for MCE > 0.95, and (b) 80% - 100%
external mixing for MCE < 0.95, following the study of Ting et al. (2018), which parameterized
mixing state based upon MCE. We selected 50% and 90% external mixing as the central
estimates for these two categories, respectively.

Finally, we put these calculated climate properties in a larger context, we used the SFE values to
approximate annual average DRE (unit: W m™2) from PM (OA + EC) emitted from residential
combustion over the Indian subcontinent in 2010. We calculated DRE as the product of PM column
burden (g m?) and SFE (W g!) for 50% and 90% external mixing scenarios. PM (OA + EC)
column burden attributed to residential biofuel burning over India was obtained from The Modern-
Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) (Gelaro et al.
2017) reanalysis dataset (0.5° x 0.625° grid resolution) followed by a source-specific scaling of
emission rates from the Emission Database for Community Emissions Data System (CEDS)
(McDuffie et al. 2020)emission inventory. An implicit assumption in this approach is that the
carbonaceous aerosol column burden is dominated by emissions within the column. This does not
account for chemical evolution and transport of emissions between grid cells, which would require
detailed chemical transport modeling, but provides a first-order approximation for converting SFE
values into radiative effect. CEDS emission inventory has finer grid resolution (0.5° x 0.5°) relative
to MERRA-2. Therefore, we regridded CEDS grid cells to the coarser MERRA-2 grid resolution.
Calculation of SFE for each column required spatially resolved MSCaer, MACaer and surface
albedos. Spatially resolved surface albedos were derived from MERRA-2 dataset (Figure S6). To
calculate MSCaer and MAC,er from EC/OA in each column, we developed wavelength-specific
simple linear regression equations between MSCaer and MACaer and EC/OA for TSF and improved
stove samples (Figure S7). We obtained the DRE of BrC absorption by calculating DRE with and
without BrC absorption (assuming non-absorbing OC) and taking the difference between the two.

3.0 Result and Discussion

3.1 Combustion conditions and emission factors

Figure S8 shows the OC and EC emission factors (EFs), EC/OA and MCEs from the experiments
selected for BrC analysis. In general, OC EFs from the four groups (TSF, Improved, Chimney,
Charcoal) are overlapping and group means are within 21% of each other (Figure S8a), but the
chimney and charcoal groups each contain a high outlier EF. In terms of EC EF, stove samples are
similar in magnitude but charcoal kiln samples are significantly lower than those of the stoves
(Figure S6b). For example, mean EC EF of charcoal kiln samples are 94% (p = 0.0002), 95% (p =
0.001) and 93% (p = 0.004) lower than those of TSF, improved and chimney stove samples
respectively. This is likely because charcoal production proceeds via air-starved pyrolysis (on
purpose) that involves lower combustion temperature (and hence lower EC production) relative to
stove combustion. For the same reason, mean EC/OA and MCE of charcoal kiln samples are
substantially lower than those of stove samples (Figure S8c and S8d). Mean EC/OA and MCE of
charcoal kiln samples are 92-94% and 8-9% lower respectively than those of stove samples. Note



the small change in MCE (< 10%) due to change in burn condition (e.g. flaming to smoldering)
compared to that of EC/OA (> 90%), suggesting that EC/OA is a more sensitive proxy for
combustion conditions than MCE. Pokhrel et al. (2016) also observed a small change in MCE
(~1.5%) compared to EC/OA (~100%) from eight different sawgrass burns in the lab and reached
the same conclusion. Among our three stove groups, EC/OA and MCE - similar to OC EF and EC
EF - do not show any significant differences.

3.2 Light absorption properties of BrC

Figure S9 shows averaged MA Couik spectra (with standard deviation) of BrC samples as a function
of wavelength for the four biofuel combustion types: TSF, improved, chimney and charcoal (kiln).
For the discussion of optical properties and their inter stove/fuel comparison we chose the 365 nm
wavelength throughout the manuscript except during literature comparisons in which different
wavelengths were reported (e.g. discussion of BrC k). Note that BrC properties at other
wavelengths can be inferred from the AAE values discussed below. Additionally, MACpuik of BrC
samples showed strong positive correlations between wavelengths (Figure S10). Figure 1a shows
that the BrC MAChuik,365 of samples vary between our four biofuel combustion categories. Mean
MAChui365s was the highest for ‘TSF’, followed by ‘improved’, ‘chimney’, and ‘charcoal’.
Although mean MACs3e5 of ‘improved’ was lower than ‘TSF’, their MAChpuik 365 distributions were
not significantly different. However, MACypui 365 distribution of ‘chimney’ and ‘charcoal’ were
significantly different than these two non-chimney stove types (‘TSF’ and ‘improved’). For
example, mean MACypui 365 of ‘chimney’ and ‘charcoal” were 23% (19%) and 30% (27%) lower
(p < 0.05) than ‘TSF’ (‘improved’) respectively. These percentages were different for other
wavelengths as explained by the wavelength dependence of BrC MACuuk (i.e. AAE).High AAE
values (>5.5) of the extracted organic samples of this study indicated strong wavelength
dependence of brown carbon absorption (Figure 1b). Mean AAE was the highest for ‘chimney’,
followed by ‘charcoal’, ‘improved’ and ‘TSF’ groups. Mean AAE of ‘chimney’ was 10%, 16%
and 23% higher (p < 0.05) than those for ‘charcoal’, ‘improved’ and ‘TSF’ respectively. AAE at
group levels was anti-correlated with MAC, consistent with other observations that more absorbing
BrC has flatter absorption spectra (Cheng et al. 2020; Saleh et al. 2018).
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Figure 1: Groupwise properties of BrC samples from the four biofuel combustion types: TSF,
Improved, Chimney and Charcoal: (a) MACypui at 365 nm, (b) AAE, and (c) absorption EFs at 365



nm. Labels on category axis show the group name and the number of samples in parenthesis. Lines
and markers in all the subplots are colored to differentiate between the combustion sources (red:
TSF stoves, blue: improved stoves, green: chimney stoves, purple: charcoal kilns). This color
convention is followed in all figures in this manuscript unless stated otherwise.

Figure 1c shows the Abs. EF of samples from the biofuel sources at 365 nm. We observe
differences in Abs. EFs across biofuel combustion types. Mean Abs. EF showed a decreasing trend
from non-chimney stoves (‘TSF’ and ‘improved’) to ‘chimney’ to ‘charcoal’. For example, mean
Abs. EF of ‘chimney’ and ‘charcoal’ samples were 63% (49%) and 74% (63%) lower (p < 0.05)
than those of TSF (improved) samples, respectively. Like MACpuik, we did not observe significant
difference in Abs. EF distributions between the non-chimney stoves (e.g. ‘TSF’ and ‘improved”).
Abs. EF distributions for other wavelengths display similar trends (Figure S11).

The calculated BrC k values of the samples (Figure S12) vary across combustion types in a manner
similar to MACypui, as expected from the relation between £ and MACpuk (Equation 3). Note that
for the BrC £ discussion and literature comparison, instead of 365 nm, we used 551 nm wavelength
(the spectrophotometer we used had 3 nm reporting resolution and doesn’t report at 550 nm) as
the studies we compared our results with mostly had & reported at 550 nm. kss; shows strong
negative correlation with wavelength dependence, w (=AAE — 1) in the visible spectrum (Figure
2). This inverse relationship between kss; and w suggests that less wavelength dependent BrC has
higher light absorptivity. The observed strong wavelength dependence of BrC k in the visible
spectrum in this study is consistent with the literature (Saleh 2020; Saleh et al. 2018; Sengupta et
al. 2018). ‘ksso — w pair’ values from biofuel combustion in this study lie between smoldering
biomass burning and high temperature biomass combustion zones mapped in a recent review study
(Saleh 2020) and recreated in Figure 2. BrC is categorized into four classes based on ksso — w pairs
in that study and our BrC falls into the ‘weakly absorbing BrC’ class bounded by kss5o of 10~ — 10"
2 and w of 4 — 7. Another study (Lu et al. 2015) also summarized kssp and wavelength dependence
(w) values of BrC from biomass and biofuel burning, and proposed least square exponential fits
between kss9 and w for two cases: bulk OA and highly absorbing part of OA. Our kss; values lie
between these two fit lines for the respective w values (Figure 2). k550 and w values of BrC from
lab cookstove tests (Xie et al. 2018), shown in Saleh (2020), had higher k550 and lower w values
(fell into ‘high-temperature biomass combustion’ zone) from in-field stove test samples of this
study, indicating that BrC from lab stove tests was more light absorbing that those from field tests.
This is interesting since OC EFs from in-field stove tests are typically found to be higher than
those from lab tests (Grieshop et al. 2017; Wathore et al. 2017; Roden et al. 2009). This can be
explained by the fact that in-field stoves usually exhibit lower efficiency burning (relative to lab
combustion), leading to more smoldering/higher OC emissions. However, our results suggest that
this OC is less light-absorbing (lower koa and higher w) than that produced during lab tests. This
low absorption bias of BrC of our in-field biofuel combustion samples may be due to methanol-
insoluble BrC missed during our extraction.
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Figure 2: Imaginary refractive index, k£ of BrC samples at 551 nm against wavelength dependence
of absorption (w). Also shown are the observed ksso-w ranges of BrC samples from different
sources (cross bars),compiled by Saleh (2020). Pink and black lines indicate the fit lines between
ksso and w for bulk OA and the highly absorptive part of OA respectively, developed by Lu et al.
(2015).

3.2.3 Comparison with BrC properties in the literature

BrC MACyuik from lab (and some in-field) cookstove tests are higher than that of in-field stove test
samples of this study. For example, mean TSF MACpuk measured at 360 nm in a field study of
brushwood burned in a traditional stove (Fleming et al. 2018) was 85% higher than mean MA Cpui
of TSF samples at 365 nm in this study. In addition, lab testing of TSF stoves (Xie et al. 2018)
found a 51% higher mean MAChyuik36s than this study. However, MACyuk 365 for laboratory-
simulated biomass-burning emissions (Xie et al. 2017) was lower than our MACpuk of TSF
samples. A previous lab study (Xie et al. 2018) found mean MA Cypuik for improved biomass stoves
(Envirofit, Eco-chulha) 2-5 times higher than for our in-field improved stove (Envirofit, Prakti)
samples. MAChpulk 365 also highly distinct for charcoal production (here) and during combustion in
a charcoal stove. The charcoal combustion samples from Xie et al. (2018) had mean MA Cpul, 365
of ~2 m? g, 40% higher than our charcoal kiln samples. However, MACpui values from biomass
pyrolysis (0.61 £ 0.29 m? g'! at 400 nm) observed in a lab study (Chen and Bond 2010) were in
line with those from our charcoal kiln samples (0.65 + 0.07 m? g! at 401 nm), which were
predominantly sampling pyrolysis emissions.

The calculated AAE values of BrC samples in this study were also somewhat different than the
similar stove models tested in other studies. For example, mean AAE of TSF stove samples in this
study (6.4 = 0.6) was within 6 — 15% of those measured in field studies in India (Pandey et al.
2020; Fleming et al. 2018). Mean AAE estimated in a lab study (Xie et al. 2018) from TSF stove



samples was also within 10% of what we observed in this study. For the improved stove samples,
our average AAE value (6.8 = 0.6) was similar in magnitude to Envirofit stoves but higher than
the EcoChulha stoves tested in the same lab study (Xie et al. 2018).

BrC k& values in this study (Figure S12) are in agreement with k values observed during
smoldering/pyrolysis and high temperature biomass combustions in some previous studies. k
values of BrC from smoldering combustion of some peat species (Sengupta et al. 2018; Sumlin et
al. 2018; Chakrabarty et al. 2016), converted to 550 nm by (Saleh 2020), were similar in magnitude
to ksso of ‘chimney’, ‘improved’ and ‘charcoal’ samples of this study, although kss9 from pine
needle smoldering (Browne et al. 2019) was smaller than ours. TSF k550 (0.0069+0.0027) values
from our study were in line with high temperature burning of biomass species in previous studies
(McClure et al. 2020; Saleh et al. 2014). However, mean ksso of “TSF’ in this study was lower than
those from high flame combustion of biomass observed (McClure et al. 2020; Kumar et al. 2018;
Sengupta et al. 2018; Xie et al. 2018; Saleh et al. 2014; Kirchstetter et al. 2004). Overall, BrC
samples of our in-field study were more (less) absorbing and less (more) wavelength dependent
than laboratory open biomass (cookstove) emission samples, suggesting they are intermediate to
these categories. In the next two sections, we explore the link of BrC absorption properties with
combustion conditions and sample characteristics to understand this variation.
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Figure 3: MAChpui 365 values of BrC samples versus (a) EC/OA, (b) MCE and (c¢) OC3 fraction
are shown in the subplots.

3.3 Dependence of BrC light-absorption properties on combustion conditions

MAChuuk shows positive correlation with EC/OA at wavelengths below 450 nm, with the
correlation weakening at higher wavelengths. The correlation we observe at 365 nm wavelength
(Figure 3a) is weaker than for lab stove test samples (Xie et al. 2018) for a similar wavelength
range. For example, the correlation coefficient between MACpui,365 and EC/OA obtained for the
lab samples was 0.73 versus 0.48 in our study. However, our study samples present a wider range
of EC/OA and associated MA Cyuik values than their study, which should better represent the range
of “real-world” emissions. In contrast to lab stove tests, open biomass burning in the lab (Xie et
al. 2017) showed weaker correlation between MACpuik,365 and EC/OA (r = 0.24) relative to our
data. AAE values in this study do not show any trend with EC/OA, unlike lab studies where weak



to moderate negative correlations were observed for stove tests and biomass burning (Xie et al.
2017, 2018)

Figure 3b shows MCE and MAChuik 365 Values in our study, which cover a wider range than those
in the lab cookstove study (Xie et al. 2018). We see a weak positive correlation between MA Cpuik
and MCE throughout the wavelength spectra (r < 0.30), indicating that MCE is a weaker indicator,
compared to EC/OC, of the influence of burn conditions on brown carbon production. Figure S13
also illustrates the same finding. This finding is consistent with the lab study, in which MA Cpui
was more strongly correlate with OC/EC than MCE. However, that lab study showed stronger
correlation than our study, possibly due to having a set of very high MCE tests (>0.99) from an
improved biomass stove (EcoChula), with higher MACypui values. Like EC/OA, MCE does not
show an association with AAE.

3.4 Link between volatility and BrC properties

Volatility of OC has been found to be associated with its light absorption properties with less
volatile BrC being highly light absorptive (McClure et al. 2020; Saleh et al. 2014, 2018), with
volatility indicated by thermodenuder treatment (heating to 100-400 °C). Ma et al. (2016) observed
a link between volatility and ‘OC peaks’ (relative contribution from different temperature steps
during thermo-optical analysis) from the OC-EC analyzer and hence, we explored whether OC
peaks are indicators of BrC light absorption. Our OC-EC analysis employed a temperature protocol
that measures OC at five, increasing temperature steps (Table S1). OC1 peak evolves during the
lowest temperature step and is considered the most volatile OC fraction, whereas OC4 peak is
thought to be the least volatile as it is associated with the two highest temperature steps. Note that
the temperature protocol used in our OC-EC analyses (Table S1) was developed for the highly
loaded biomass burning emission samples tested here (to avoid detector saturation and avoid OC
charring or early evolution of EC) and does not match protocols commonly used for ambient
samples (e.g. CSN, IMPROVE _A). The temperature set points in our protocol are most similar to
the EUSAAR protocol (Cavalli et al. 2010). Therefore, the peaks defined here are not directly
transferable across analysis protocols but may provide insight into the links between volatility and
absorption. Figure 3c and S14 show the association between MA Cpuik;365 and OC fractions (e.g.
OCl/total OC). We observe moderately strong negative correlation (r = -0.44) between OCl1
fraction and MAChpuik365. In contrast, OC3 and OC4 fractions show moderately strong positive
correlations with MACeuik 365 (r = 0.47 and 0.36, respectively). These observations are consistent
with the less volatile components, which evolve from the filter at higher temperatures, being
associated with higher specific absorption. The direction of the relationship between OC fractions
and MACwuk remains the same for other wavelengths, though the magnitude of correlation
coefficients varies (Table S2). Note that Figure 3¢ and S14 are based on transmittance based OC-
EC measurement. The OC-EC analyzer we used also offers reflectance based measurements and
the association between MACpuk and OC fractions defined using laser reflectance outputs was
similar to that for transmittance (Table S3). Like MACoui, AAE also shows association with OC
fractions but in the opposite direction (Table S3), with AAE positively correlated with OC1
fraction, and negatively correlated with OC3 and OC4 fractions. The direction of associations
between BrC light absorption properties (MACpuic, AAE) and OC fractions suggests that OC peaks
can be linked to volatility, and supports the finding that less volatile BrC has high light absorptivity



and lower wavelength dependence (Fig. 2). Note that attempts at multivariate analyses including
OC fractions, stove types and combustion properties (MCE, EC/OA) as covariates lead to only
minor differences in explanatory power of MACpuik and AAE, and so are not discussed here.

3.5 Relative absorption and radiative effect of BrC

3.5.1 Relative absorption of BrC

Figure S15a shows the relative contribution of BrC to total light absorption by PM at 365 nm
estimated using Mie modeling for three different mixing state scenarios (100%, 50% and 0%
external mixing) as discussed in Section 2.5. For all scenarios, the BrC contribution is highly
variable, but the range of BrC contributions decrease sharply with reduced assumed external
mixing (Figure S15a). For example, average BrC contributions for the 100%, 50%, and 0%
external mixing scenarios are 79%, 59%, and 48%, respectively. Decreased external mixing
corresponds to more internally mixed particles (BrC in core-shell configuration with BC), which
causes absorption enhancement of BC by lensing, and thus decreases the relative contribution of
BrC to total absorption. However, note that even though relative BrC contribution drops with
decreased external mixing, the absolute absorption by BrC does not drop; the absolute absorption
by BC increases and the overall absorption (BC+OA) increases, as shown in Figure S16. The
absorption contribution of BrC samples categorized by the MCE threshold (discussed in Section
2.5) are shown in Figure S15b. Although the BrC contribution is highly variable for both
categories, the samples with MCE < 0.95 tend to show higher contribution than that of MCE >
0.95. For example, BrC contribution varies between 37% and 95% for MCE < 0.95 category, while
for MCE > 0.95, it ranges from 10% to 80%. This is because samples with MCE < 0.95 had greater
contributions from smoldering combustion, which likely produced more externally mixed BrC
(80% - 100%) than that from flaming dominated combustion (MCE > 0.95) (Ting et al. 2018).

The values of relative BrC absorption observed in this study are in line with literature. For example,
the average BrC contribution for the 50% and 0% external mixing cases are consistent with results
from previous lab studies that apportioned BrC contribution in savanna and wood burning smoke
for similar wavelength ranges (Kirchstetter and Thatcher 2012; Kirchstetter et al. 2004). The
average BrC contribution for 100% external mixing at 551 nm (40%) also lies within the range of
average values (30% - 41%) reported by another field cookstove study (Pandey et al. 2020) for
different BC AAEs (0.9 — 1.5) at 550 nm. However, note that a mixing state assumption was not
explicitly stated in these other studies.

The variation in BrC contribution we observed in Figure S15 is correlated with the EC/OA of
samples. Figure 4 shows the percentage of BrC absorption at 365 nm against EC/OA for the 50%
external mixing scenario. EC/OA shows a strong negative correlation (r = - 0.93) with BrC
contribution, indicating that BrC contribution to total absorption increases as the amount of organic
carbon increases (relative to EC). The other two mixing state scenarios (100% and 0% external)
display a similar trend between relative BrC contribution and EC/OA (Figure S17). A lab study
(Pokhrel et al. 2017) also found strong negative association between percentage of BrC absorption
and EC/OA (r =-0.72 to -0.86 at 532 nm) in biomass burning emissions. Although BrC specific
absorption shows a weak positive association with EC/OA (Figure 3a), the trend shown in Figure
4 is dominated by the overall decrease in BrC mass fraction. Like EC/OA, MCE also shows



moderate negative correlation with percentage of BrC absorption in all mixing state scenario (r =
-0.50 to - 0.56) (Figure S18), indicating that higher MCE disfavors the formation of OC and makes
the EC/OA higher, which in turn lowers the relative BrC contribution.

(a) (b)
o 24 I
I&T @@@ g
I T A a
o o
'? -2 --=BrC abhsorption contribution c.'
E 4 50% external mixing E
=] 5 his st ;d;[ [=]
2 -6/ O TSF 2
g' {> improved stoves g
8 -8 BC core + abs OA coat & 8 O MCE < 0.95 & 90% external mix
5 BC core + clear coat % 0 % MCE > 0.95 & 50% external mix
& 104 = 107 BC core + abs OA coat
1] [0
5 — BCcore +abs CAcoat & BC core + clear coat
2 424 — BC core + clear coat % 12
: —
3 4 56789 2 3 4 56789 3 iéé%ééﬁ'1 2 3 4 5 6789
ECIOA "~ ECiOA

Figure 4: DRE/DREgc versus EC/OA (a) for TSF and improved stove samples for the 50%
external mixing scenario, and (b) for the same samples as subplot (a) but categorized by a MCE
threshold of 0.95. Two different mixing state assumptions were applied in subplot (b) for two MCE
based categories: 90% external mixing for MCE <0.95 and 50% external mixing for MCE > 0.95.
Brown and green markers indicate the DRE ratio for BC core with absorptive OC coating and with
clear coating respectively, and the brown vertical line denotes the effect of in inclusion of BrC
absorption on the ratio. The red horizontal line (at DRE ratio = 0) demarcates DRE ratio < 0 (OC
reduces DRE) and > 0 (OC increases DRE). The brown and green lines in subplot (a) are adapted
from Saleh et al. (2014) study and represent the same coating scenario as brown and green markers,
respectively.

3.5.2 Radiative effect

Figure S19 shows the integrated (240-800 nm) SFE of BrC absorption (difference between ‘BC
with absorptive OC’ and ‘BC with clear OC”) over ground for different external mixing scenarios,
expanding on the analysis of Saleh et al (2014). It should be noted that the comparison with ‘clear
OC’ is not to suggest that any of these emissions are actually clear, but to isolate the impact of the
measured absorption properties of this OC relative to a baseline (often made) assumption of non-
absorbing OC. SFE values vary widely across samples for all mixing scenarios. SFE values of all
samples are positive and show a decreasing trend with the decrease in external mixing percentages.
For example, average integrated BrC SFE for the 100%, 50% and 0% external mixing are 13.1,
10.3, and 8.7 W g’!, respectively.

Figure 4a shows the simplified DRE/DREgc of the samples for the 50% external mixing scenario
with both light absorbing and ‘clear’ OC. We see a gradual increase in the DRE/DREgc with the



increase in EC/OA, and the ratio transits from DRE/DREgc < 0 (likely cooling) to DRE/DREgc >
0 (likely warming). Samples from both traditional and improved stoves show a similar trend,
although DRE ratios of traditional stove samples are substantially higher than those of improved
stoves, especially at lower EC/OA. The differences in DRE ratio between the ‘BC core with
absorptive OC coating’ case and the ‘BC core with clear OC coating’ case in Figure 5 indicate the
contribution of BrC absorption to the DRE ratio, which shows a decreasing trend with the increase
in EC/OA. Due to the BrC contribution, ‘BC core with absorptive OC coating’ case transitions
from DRE/DREgc < 0 to DRE/DREgc > 0 at a smaller EC/OA (~ 0.1) relative to the ‘BC core with
clear OC coating’ case (EC/OA ~ 0.2), indicating the potential of BrC absorption to influence
overall warming. Figure 4 also shows the DRE ratios from a lab biomass burning study (Saleh et
al. 2014), where a similar trend of DRE ratio against EC/OA to our study is observed. However,
their transition from DRE/DREgc < 0 to DRE/DREgc > 0 due to BrC occurs at a smaller EC/OA
(~0.06) than our study. Further, this study mentions 0.05 to 0.1 values as the atmospherically
relevant EC/OA range; however, our study shows that EC/OA from “real-world” biofuel
combustion extends beyond that range and that transition from DRE/DREgc < 0 to DRE/DREgc
> 0 due to BrC may occur above that range. Figure S20 in the SI, similar to Figure 5, shows the
simplified DRE ratios for the 100% external mixing scenario. We observe a similar trend of
DRE/DREgc against EC/OA to that for the 50% external mixing case, although the transition
occurs at a higher EC/OA (relative to 50% external mixing). Simplified DRE/DREgc of the
samples categorized by MCE are shown in Figure 4b for the respective mixing state scenarios (i.e.
90% external mixing for MCE < 0.95, and 50% external mixing for MCE > 0.95). Most of the
samples from flaming dominated combustion (MCE > 0.95) show transitions from DRE/DREgc <
0 to DRE/DREgc > 0 due to the BrC absorption contribution, while samples from smoldering
combustion (MCE < 0.95) shows this transition only when EC/OA is higher than 0.13. Therefore,
both BrC properties and mixing state moderate the DRE impacts of biofuel combustion emissions.



a) PM DRE with BrC absorption (50% ext.) b) PM DRE without BrC absorption (50% ext.) c) DRE of BrC absorption {50% ext.)

0.6
y ] r :
4 L . £ os
3 . i e 1 g "| [ —\\ [
i o- ; : % } N |
4 , \ £
| = 0
o /8. =
f
B
0.3
0.6

d) PM DRE with BrC absorption (90% ext.) e) PM DRE without BrC absorption (90% ext.}  f) DRE of BrC absaorption (90% ext.)

B,
-

[T T EE
o °
w [+2]

W/m?
{=]

Figure 5: Spatial distribution of DRE of PM emitted from TSF stoves over India for (a) PM with
BrC absorption, (b) PM without BrC absorption, and (¢) BrC absorption for 50% external mixing
scenario. Subplot d, e and f are the same as a, b and c, respectively but for 90% external mixing
scenario.

To demonstrate the potential for large impacts on DRE of residential combustion BrC emissions,
Figure 5a and 5b show estimated DRE of PM emitted from TSF stoves over India with light
absorbing OC (i.e. BrC) and clear OC, respectively for 50% external mixing. Figure 5c shows the
DRE of BrC absorption, calculated as the difference between the DRE values in Figure 5a and 5b.
In general, TSF PM exhibits stronger radiative effect (larger positive DRE values) over Northern
India compared to Southern India mainly due to the higher levels of residential burning emissions.
The spatial variability in DRE is also partially driven by differences in surface albedo, with the
smallest DRE being associated with regions that have smallest surface albedo (Figure S6).



Furthermore, Figure 5 illustrates the important effect of BrC absorption, which contributes up to
+0.3 W/m? over Northern India (Figure 5c), approximately half of the overall DRE of TSF PM
(Figure 5a). Figures 5d-f display the same as Figures 5a-c, respectively but for 90% external
mixing scenario. This smoldering dominated scenario has lower DRE both with and without the
BrC contribution (Figure 5d and 5e) relative to flaming dominated scenario (Figures 5a and 5b),
but interestingly the DRE of BrC panels (Figures 5c and 5f), which indicate the net contribution
from BrC absorption, are similar. This suggests that the influence of BrC absorption and mixing
state are - to some degree - decoupled when considering the net DRE. A figure similar to Figure 5
but using the improved stoves data- is shown in the supplementary information (Figure S21),
indicating slightly higher BrC contribution to PM DRE from improved stove samples relative to
TSF.

4.0 Conclusion

This study presents optical properties of methanol-extracted BrC from “real-world” biofuel
combustion emission samples. MACpuk and AAE of BrC samples varied across four diverse
biofuel combustion sources, indicating the importance of a source-specific inventory of BrC
optical properties. A moderate positive correlation between BrC MACypuk and EC/OA suggests a
link between BrC light-absorption properties and combustion conditions even in highly variable
“real-world” combustion conditions. Note that this relation was observed previously only for lab
based stove and biomass burning studies (Xie et al. 2017, 2018; Pokhrel et al. 2016; Lu et al. 2015).
This study, like prior studies (Xie et al. 2018; Pokhrel et al. 2016), also suggests that EC/OA is a
better proxy of combustion conditions than MCE to parameterize optical properties. Additionally,
observed associations between OC fractions and BrC light absorption properties (MACpuik, AAE)
suggest that less volatile BrC has higher light absorptivity, consistent with other studies (McClure
et al. 2020; Saleh et al. 2014, 2018). Overall, our analyses indicate that BrC light-absorption
properties can be predicted based on factors that are easily available from emission measurements
(e.g. combustion conditions, OC fractions in thermal-optical OC-EC measurements). Based on
BrC classification via ksso— w pairs (Saleh 2020), our BrC samples fall into smoldering combustion
zone (Figure 2a), unlike lab stove samples that were dominated by high temperature combustion.
This finding indicates the importance of performing in-field stove testing along with lab testing to
understand the BrC properties in emissions in highly variable “real-world” conditions.

EC/OA showed positive association with BrC MACypuik and negative association with the relative
contribution of BrC to aerosol absorption, suggesting that though the BrC becomes darker (more
light absorbing) when the relative amount of BC (to OC) increases, the variation is dominated by
the increase in the relative amount of OC. A lab biomass burning study (Pokhrel et al. 2017) also
arrived at the same conclusion. Lack of BC-OC mixing state information can lead to some
uncertainty as demonstrated by a factor of ~2.5 variation in mean relative BrC absorption across
mixing state assumptions (0% versus 100% external mixing). However, this factor reduces to ~1.6
when we categorized our samples based on MCE following the observations of Ting et al. (2018),
and used 50% and 90% external mixing as the central estimates for flaming- and smoldering-
dominated combustion, respectively. Note that previous studies (Stevens and Dastoor 2019;
Pokhrel et al. 2017) reported a factor of up to 4.3 variation in BrC absorption contribution across



methods used to differentiate BrC from BC. Our BrC samples from biofuel emissions also showed
their influence in transitioning the net radiative forcing from cooling to warming relative to non-
absorbing OC. Finally, estimates of annual average DRE calculations over the Indian subcontinent
suggest that the radiative warming contributed by BrC absorption from residential biofuel
combustion emissions is in the same range as that from the co-emitted BC. Overall, this suggests
that BrC should be treated as a major player along with BC in understanding the direct radiative
effect of household combustion emissions.
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