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ABSTRACT: Solid-biomass-fuel residential cookstoves are the largest source of aerosol
emissions in the Indian subcontinent. For assessing radiative forcing due to this pollutant
source, laboratory-generated cookstove performance data sets are currently used, which
have established black carbon (BC) as the dominant atmospheric-warming aerosol species.
We report findings on the strong near-ultraviolet wavelength absorption characteristics of
emitted organic carbon (OC) aerosols from household stove combustion of nationally
representative biomass fuels. OC emissions from cookstoves have been conventionally
parametrized in regional climate models to be nonlight-absorbing in the visible solar
spectra. We conclude that light-absorbing OC contributes roughly as much as BC to total
absorption cross sections, thereby enhancing the associated positive forcing estimates. Our
findings underscore the importance of including light-absorbing OC within the
subcontinent’s air quality and climate impact assessment frameworks.

Bl INTRODUCTION

Aerosol burden over much of the Indian subcontinent is five
times higher than that over developed countries like the United
States, largely because of larger emissions of primary particles
and aerosol precursors.' This level of particulate pollution is a
leading cause of disease burden® and could induce lower
atmospheric heating rivaling that of greenhouse gases.” Aerosol
burden over India is linked with surface dimming® and
decrease in monsoon rainfall trends,’ highlighting the need to
target aerosols as part of the national climate policy. The
knowledge of aerosol emissions characteristics like mass
emission rates and optical properties for regionally significant
sources is crucial for assessing source-specific aerosol radiative
impacts. Biomass cookstoves are the largest source of fine
particulate emissions®™® and ambient particulate pollution’ in
India. Most of the best available emission factors used in
inventory calculations have been obtained from laboratory
cookstove tests, which do not accurately reflect cookstove
performance in field conditions.”'’ Differences in burn rate
and firing practice between laboratory and field settings, even
for similar fuel characteristics, affect the resultant composition
and mass emission factors (grams of carbon per kilogram of
fuel burnt) of carbonaceous aerosols,"' ' leading to biases in
their radiative impacts. Further, discussions of the climate
impacts of aerosol emissions from residential biomass use'*"®
largely include only black carbon (BC) as a light-absorbing
component. Experimental observations'®™** and recent mod-
eling studies™ > indicate the potential significance of light-
absorbing organic carbon (OC) to radiative forcing estimation.
Estimates of aerosol radiative forcing”’~>* due to OC light
absorption use parametrized or averaged OC optical properties
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derived from laboratory studies of controlled biomass burning.
This approach, while broadly useful, requires source-linked

observational validation.

In recent studies, we reported that mass emission factors of
fine particulate matter (PM) from residential biomass
combustion in India were 2—8 times larger than those
estimated from previous laboratory studies.'”*’ Here, we
present detailed particle-phase spectrophotometric analysis'®
of the spectral absorption properties of aerosols emitted from
traditional mud chulhas and formulate key parameters
necessary as input to radiative forcing algorithms: mass
absorption cross sections (MAC: m? g_l pollutant) and
absorption Angstrom exponents (AAE; spectral dependency of
absorption in the UV—vis-IR wavelengths). We find that
combustion of biomass fuels in India is the largest source of
light-absorbing OC aerosols in India. Our findings highlight
the significance of absorbing OC to direct radiative forcing
over the region and suggest that the control of OC emissions
through eflicient cooking technologies could be of crucial
importance to regional climate change and associated health
risks mitigation.”® Inefficient solid biomass cookstoves are used
to prepare food for nearly 2.7 billion people globally:*' the
implications of this study may be applicable to other regions of
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Asia, as well as Africa and South America, where cooking with
solid biomass fuels is prevalent.

B MATERIALS AND METHODS

We conducted a two-week long series of cooking tests in a
rural household located on the outskirts of Raipur, in the
central Indian state of Chhattisgarh. The majority (approx-
imately 77%) of this state’s households rely predominantly on
solid biomass fuels for cooking.'' Thirty cooking tests with
three fuel types (fuelwood, agricultural residue, and cattle
dung) were performed on a traditional mud chulha, which is
associated with poor heat insulation and poor combustion
efficiency and does not allow proper mixing of fuel and air.”
Most Indian rural households—an estimated 150—200
million—use the traditional “mud chulha” for preparing their
daily meals.”’ We assume that this stove type serves as a
representative traditional cooking technology, although it
should be noted that variations in stove desi§n may be
expected to influence emissions properties.' "' #**** Fuels were
sourced from different Indian states that have high biomass
user populations: (a) Wood chunks were obtained from Uttar
Pradesh, Rajasthan, Andhra Pradesh, Bihar, and Punjab, which
collectively account for 35% of the total user base in India. (b)
Cattle dung cakes were collected from Uttar Pradesh and
Bihar, which account for 60% of the dung use for cooking in
India. (c) Agricultural residues from tur crops (a type of woody
stalk) and rice straw were procured from a village in
Chhattisgarh. Details of the mass emission factors of aerosols
(PM, BC, and OC) from the study have been presented in a
previous publication."?

Estimation of Absorption Emission Factors. Particulate
matter samples were simultaneously collected on a polytetra-
fluoroethylene (PTFE) membrane and quartz fiber filters (a
schematic of the sampling setup is in Figure S1), during
different times in each cooking cycle (to include ignition,
flaming, and smoldering events). This is because combustion
conditions, as typified by these events, control the optical
properties of the associated PM and OC emissions." >%*!
Particle mass deposited was measured by weighing the PTFE
filters before and after sampling, while elemental (hereafter
referred to as black carbon or BC) and organic carbon mass
was obtained using the IMPROVE_A thermal-optical
reflectance method.>> For each PTFE filter, transmittance
and reflectance were measured for wavelengths 4 in the range
of 350—900 nm using a PerkinElmer LAMBDA-35 UV—vis
spectrophotometer, and the relevant optical depth (OD,) of
the filter—particle system was calculated as

1- RS(A)]

oD, (4) = ln[ )

(1)

In a recent study, we showed that ODj is a reliable estimator
of aerosol light absorption from filter optical measurements for
a wide range of biomass combustion aerosols.*® The empirical
correction scheme derived in that work was used to calculate
particle-phase light absorption optical depth (ABSpy,)

ABS,y, (4) = 0.48(0D,(2))"* ©)

This dimensionless absorption parameter was converted to a
cross section using the sampling area on the filter substrate and
normalized by the mass of fuel consumed during the sampling
period to yield absorption emission factors (AEFs)
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ABSpy X A, X CMFy

)xQxAtS

AER, =

M M
ACeo[-2] + AcC ( °
COZ(MCOZ) CO\ Meo (3)

where A is the sample area (m?>) on the filter, and the last term
on the right-hand side is the inverse of the mass of fuel
consumed (g7'). ACco, and ACcq are the concentrations
above ambient levels (background measured before each
cooking test) of CO, and CO in g m™>, respectively. Mc, Mco,,
and M are the atomic or molecular weights of C, CO,, and
CO in g mol™!, respectively. CMFy,, is the carbon mass
fraction of the fuel, which ranged from 33% to 50% for the
tested fuels. Q is the volumetric flow rate through the filter (m®
s7"). The carbon mass balance technique was used to estimate
the amount of fuel consumed during each sample collection
interval, At,.

Attribution of Light Absorption to OC. The particulate
light absorption was attributed to BC and OC using a two-
component model, which exploits the difference in the spectral
absorption dependences of these components (Figure S2). It
was assumed that absorption at wavelengths greater than 700
nm was due to BC (and coatings) alone. Values for the BC
absorption Angstrom exponent (AAEpc) were taken from
modeling studies of fractal BC aggregates with nonabsorbing
coatings, complemented by experimental observations: a
central value of 1.2 (range: 0.9—1.5) was assumed.’”*® OC
contribution to light absorption at wavelengths smaller than
700 nm was estimated as

ABS(4) = ABSpy — ABSp = ABS,y

) —AAEgc
- ABSPM,7OO(—]

700 (4)

Absorbances of the OC and BC components were used to
calculate absorption emission factors (AEFoc and AEFg,
respectively), in a similar manner to the AEFp calculation
above.

Mass Absorption Cross Sections. For calculating the
mass absorption cross sections (MACpy/pc/0c), the dimen-
sionless absorption optical depths for PM, BC, and OC were
normalized by their respective mass loadings (L, g/m?)

1
MACp\/0c/sc = ABSpy/oc/e X

()

The OC contribution to forcing by cookstove emissions was
isolated by calculating a MAC value for PM emissions with
only BC-attributed light absorption

Lpnmyoc/se

ABS 1
MACpyp0-0c = 5K = (ABSpy — ABSqc) X —L
PM PM
1
= ABSp (1 — f,.) X —
o Joc Lpy (6)

Radiative Forcing Calculations. Simple forcing efficiency
(Wg'™ aerosol) is given by

SFE = —is ()22 (1 = E) x [2(1 — a)*fMSC(2)

— 4a.MAC ()] (7)

SFE calculations were performed for a 550 nm wavelength
(1). The following atmospheric parameters were fixed: solar
irradiance (S = 1370 Wm®"), atmospheric transmissivity (Z,u,
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= 0.79), cloud fraction (F. = 0.6), and surface albedo (a, =
0.19 for ground and 0.8 for snow). Particle upscatter fraction
() was fixed at 0.1S5. With the above parameters fixed, SFE is a
function of MAC and mass scattering cross-section (MSC)
values.

B RESULTS AND DISCUSSION

Real-time measurements have shown that cookstove operation
cycles consist of a series of combustion events that vary
between strongly flaming and purely smoldering conditions,
resulting in widely varying emissions characteristics.'""”
Intrinsic optical properties of emitted particles are largely a
function of burn conditions: previous cookstove studies
observed strongly absorbing (BC-like) emissions during
strongly flaming episodes and a range of weakly absorbing
emissions during other phases.'' Expectedly, AEFs in this
study varied with visually observed combustion conditions:
smoldering phase AEF values were lower than AEFs for steady
flaming conditions (Figure 1A). The unsteady flame conditions
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Figure 1. Particulate matter (PM) absorption emission factors, or
AEFpy in m? kg™ fuel consumed, at 550 nm wavelength. (A)
Grouped by observed combustion phase: boxes denote the upper and
lower quartiles, and whiskers denote 1.5 times the interquartile range.
Outliers are shown as red + symbols, and the number of samples for
each category are specified above the whiskers. (B) Histogram of all
samples, overlaid by a fitted log-normal distribution.

during the ignition phase are reflected by the large variability in
ignition AEFs. Variability in burn conditions drives optical
characteristics more than fuel type.'* The differences between
AEFs for the three fuel categories were statistically
insignificant: on unpaired Student’s t-test, differences between
groups were not significant at p = 0.05 (see Supporting
Information for statistical details). Pooled AEF data for all
samples show an approximately log-normal distribution factor
with a large spread. We report a combined geometric mean of
3.7 m* kg™' fuel (and 95% confidence intervals (CI) of 0.6—
23.3 m* kg™! fuel.

Conventionally, all visible light absorption by combustion-
generated aerosols in climate models was attributed to BC
particles; however, the newer generation of models includes
brown carbon as a light-absorbing form of OC in addition to
the strongly absorbing BC.”*~** The light-absorbing efficien-
cies of OC aerosols are connected to their physical and
chemical properties, which in turn are a function of fuel
properties and combustion conditions.'****" Optical proper-
ties and refractiveness of OC particles lie on interlinked
continua: absorption efficiency and thermal stability are linked
with high molecular weigght organic compounds formed under
flaming conditions.'®*>*" Higher relative abundances of BC
are correlated with higher light-absorbing efficiency of the
coemitted OC.”' Cookstove emissions in this study are
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characterized by fuel-wise average BC/OC ratios of 0.08—
0.15, with the lowest BC fractions observed for dung and the
highest for fuelwood. These ratios are consistent with the
findings of other recent field observations of cookstove
emissions.'***** However, they are on the lower end of the
range (0.04—1.67) observed for laboratory cookstove tests of
similar fuel types*' but larger than those from field measure-
ments (0.02—0.08) for open biomass burning.*”*~** Thermal
carbon profiles of the emissions in this study show that
thermally stable OC, that evolves at 450 °C in an inert
atmosphere, constitute the largest particulate fraction (~50%
of total carbon mass, on average).12 Therefore, OC from
cookstove emissions is expected to be an important
contributor to visible light absorption.

By exploiting theoretical and experimental knowledge of BC
optical characteristics, we attempt at apportioning the total
particulate light absorption associated with cookstove
emissions to its BC and OC components. BC particles emitted
from biomass burning are likely to be coated with organic
material that enhances light absorption with respect to pure
BC. While the wavelength dependence of BC light absorption
is described by an AAE of 1, modeling®® and experimental®”
studies show that coated fractal-like BC aggregates have AAE
in the range of 0.9—1.5. A central BC AAE value of 1.2 (with
0.9 and 1.5 as lower and upper extremes, respectively) was
used in this study to describe BC's spectral absorption
behavior. All light absorption for wavelengths larger than 700
nm was attributed to coated BC, and BC light absorption at
smaller wavelengths was estimated from BC absorption at 700
nm using the above AAE values. OC light absorption is
estimated as the difference between the total and coated BC
absorption values (eq 4). While the true value of BC AAE for
each sample is uncertain, the use of a reasonable range of BC
AAE values allows us to constrain the OC contribution to light
absorption. For BC AAE of 1.2, we determined the ratio of
geometric mean values of OC AEF to PM AEF at 550 nm as
0.37; this ratio for different BC AAE values ranged from 0.30
to 0.41. Previous apportionment analyses of savanna wildfire
smoke'” and residential fireplace emissions'® showed lower
OC contributions to light absorption (13%—32% at 500 nm).
Distributions of OC and BC AEF values and their dependence
on combustion conditions at 550 nm wavelength are shown in
Figure S3. At 405 nm, we calculate the geometric mean of the
OC AEF value to be approximately 6 m* kg™, which is within
the range (5—10 m* kg™") reported for cookstoves in Nepal.*’

We combined our absorption emission factors with fuel use
data to estimate annual light-absorbing emissions, in Gm?* y™
or 10° m®> y ! (Figure 2). Bottom-up biomass fuel use
estimates were disaggregated at the district level® and
multiplied by biomass-averaged AEFs. These emissions were
gridded with a spatial resolution of 0.1° X 0.1°. The mean
value and 95% CI for absorption cross-section emissions (AE)
at 550 nm from OC were 577 (64—2266) Gm?* y™', while
those from BC were 988 (110—3897) Gm?® y ™. In contrast
OC contributes more than BC to light absorption at 400 nm:
corresponding AE values for OC were 2391 (266—9390) Gm?
y !, while those for BC were 1654 (184—6100) Gm®y ™. Such
optical inventories can be used to compare sectoral
contributions to light absorption by BC and OC and discern
patterns in the spatial distributions of these contributions.
Figure 2 demonstrates absorption emissions hotspots over the
Indo-Gangetic Plain, which is associated with a higher than
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Figure 2. Spatial distribution of annual emissions expressed as light
absorption cross sections (AE: Gm? y™!) at 550 nm wavelength
attributed to (A) OC and (B) BC components of cookstove emissions
in India. Similar distributions at 400 nm of AE attributed to (C) OC
and (D) BC. BC AAE = 1.2°7%* was used. (Maps in this figure were
generated in MATLAB R2019a. Indian administrative boundary data
sets (state and district levels) were obtained from https://github.
com/datameet/maps. These data are derived from Government of
India sources (Census of India, Bhuvan, and Survey of India) and
GeoCommons and are shared under a Creative Commons
Attribution-ShareAlike 2.5 India license).

average aerosol burden with a large contribution from the
residential sector.*

Estimating the radiative impact of emissions requires optical
cross sections normalized to pollutant mass. Average MAC
values for OC emissions and the contribution of OC to total
light absorption, integrated over solar irradiance in the 350—
900 nm wavelength range, are reported in Table 1. Our
estimates of MACoc and AAEq are in good agreement with
those from bulk-phase measurements of cookstove-emitted
OC (from field tests) extracted in organic solvents.”> We
further calculated PM MAC values with and without OC
absorption (Figure S4) to evaluate OC contribution to direct
radiative forcing by cookstove emissions. MACpy, values are
approximately log-normally distributed with average (and 95%
confidence intervals) of 0.54 (0.10—1.46) m> g~', consistent

with values (0.4—1.5 m* g™*) derlved from in situ (photo-
acoustic) absorptlon measurements*® and corresponding mass
emission factors® of particulate matter from biomass cook-
stoves in Nepal. MACyp,; values in this study are slightly smaller
than those from our earlier analysis'’ on a smaller set of
samples from Indian cookstove emissions, largely due to
improved treatment of filter artifacts.’® Our estimates are
significantly smaller than MACpy (range of 0.5-6.6 m* g™')
calculated using other filter-based measurements of absorption
from cookstove emissions in laboratory*" or field'>* settings.

When OC light absorption is set to zero, MACpy 0-0c can
be calculated by normalizing the remaining (BC only)
absorption to PM mass. This quantity depends on the assumed
values of BC AAE and exhibits a log-normal distribution with a
large spread. Mean values of MACpy; ,,.0c ranged from 0.39 to
0.45 m’g~". The large, overlapping ranges of MACpy and
MACPM,no—OC pose a challenge in constraining the OC
contribution to direct radiative forcing. However, these
parameters do not vary independently of each other: at a
550 nm wavelength, higher absorption efficiencies of cookstove
emissions are associated with a larger contribution from BC or
a correspondingly smaller contribution from OC (Figure 3A).
In other words, MACpy; and MACpy,, 0c are positively
correlated, and their dependence can be captured by a linear
relationship (Figure 3B).
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Figure 3. (A) Fractional contribution of OC light absorption to
MACpy, at 550 nm, foc, as a function of MACpy. (B) Correlation
between MACpy0.0c and MAC,,,. Linear fits between the two
parameters are in Table S1 of the Supporting Information.

This correlation was exploited for radiative forcing efliciency
calculations. MACpy was sampled from the probability
distribution observed (Figure S$4), which was used to calculate
MACopy40-0c using the linear fit parameters in Table SI.
Bounds for mass scattering cross-section (MSC) values for
cookstove emissions, based on measurements made from

Table 1. Simple Forcing Efficiency of Cookstove Emissions Attributed to OC Light Absorption (Wg™'), MAC (m* g™'),
AAE, and Contribution of OC to PM Light Absorption (Percentage of Total Absorption)”

SEE attributed to OC (W g™')

MACqc (mz g_l)

AAE (350—700 nm)

Integrated (350—900 nm) OC contribution to light absorption (%)

BC AAE
0.9 12 1.5

ground 12.1 + 3.9 10.3 + 2.6 8.6 + 1.3
snow S1.4 + 169 439 + 113 363 +£ 5.7
550 nm 0.41 + 0.33 0.36 + 0.26 0.29 + 0.20
350 nm 2.79 + 1.89 2.53 + 1.69 221 + 1.54

5.8+ 1.3 59 +13 6.0+ 1.8

56 + 26 52 +28 48 + 30

“These estimates depend on the value of BC AAE used in absorption apportionment. All values are reported as mean +1 standard deviation.
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South Asian chulhas,"> were 1.5-2.5 m* g~'. Simple forcing
efficiency (SFE) was calculated as a function of MAC and
MSC.** While the magnitude of SFE is dependent on the
choice of MSC, for a fixed MSC, change in SFE due to OC
light absorption (SFEpy;, SFEpyn..0c) only depends on the
respective MAC values. This difference can be interpreted as
the contribution of OC light absorption to forcing by
cookstove emissions. OC contributions to SFE are reported
as a function of the BC AAE used for absorption apportion-
ment in Table 1. OC absorption added 8.6—12.1 Wg™' to
forcing over ground and 36.3—51.5 W g™" to forcing over snow
by fresh cookstove emissions. For MSC = 1.5 m* g™', SFE for
PM emissions over ground was estimated as 11 + 23 W g™
Using the mean value of this estimate, we observe that if all
cookstove OC was nonabsorbing, it would purely offset BC
forcing (mean net forcing efficiency = —1.1 to 2.4 W g™).
Distributions of SFE estimates with and without OC
absorption are shown in Figure SS, and those of SFE attributed
to OC are shown in Figure S6.

Household emissions are significant contributors to ambient
air pollution in south Asia.***>° Recent field evaluations of
cookstove performance conducted in India,'”** Nepal,***® and
Tibet'* show that cookstove emissions are likely much larger
than previously estimated. Unsteady real-world burn cycles
cause weakly flaming and smoldering combustion events,
producing OC emissions much more frequently than
laboratory water boiling tests.'' The OC component of
cookstove PM contributes nearly as much as BC to
atmospheric light absorption. We suggest the use of MACqc
= 0.3—0.5 m* ¢! at 550 nm and AAEy¢ = 6 for fresh (at-
source) emissions from traditional Indian cookstoves, includ-
ing an appropriate estimate of the rate of photochemical
bleaching (see ref 49 for an example). Recent studies using
global radiative models that evaluated the enhancement in
aerosol light absorption due to OC'”**7>*” assumed that a
fraction (50%—66%) of the OC is light absorbing and derived
the index of refraction of this component using reported
absorption efficiencies of solvent-extracted OC. When
normalized to the mass of all OC (as done in this work),
the absorption cross sections employed in these studies ranged
from 0.05 to 1.0 m* g™" at 550 nm and 1.50 to 5.01 m* g at
350 nm.

Cookstove-emitted OC has an absorption efliciency
comparable to that of a “strongly absorbing” type of OC
modeled in Feng et al,,”® which was linked to shifting of the net
global radiative forcing of organic aerosols from cooling to
warming. Replacement of traditional cookstoves with clean
technologies could mitigate aerosol-related warming in
addition to reducing particulate exposure and the associated
disease burden® in south Asia. However, if these clean
technologies include advanced biomass stoves, improved
laboratory testing'' and field validation are crucial for
evaluating the extent, if any, of the health and climate benefits
of technology replacement. Finally, we suggest that light-
absorbing OC be addressed as a distinct short-lived climate-
forcing agent in the scientific consensus reports of the
Intergovernmental Panel on Climate Change.”'
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Methods:

1. Field sampling: Experimental methods for the field study conducted between December 19™
and 30" of 2015 in Chhattisgarh, India have previously been discussed in Pandey, et al. !. Test
fuels included fuelwood, agricultural residue and cattle dung collected from different regions
in India. All fuels were analyzed for elemental (carbon, oxygen, hydrogen, nitrogen)
composition and moisture content. Each cooking test, involving the preparation of a local meal
item, was conducted by a member (any one of five) of the research team which included several
locally-based researchers familiar with the stove operation. Ignition was initiated using a small
amount of dung (20-50 g) doused with ~10 ml kerosene and the test fuel was added after
flaming conditions were established. The initial ten-minute period of the combustion cycle was
termed the ignition phase. The remainder of the cooking cycle was designated as the flaming
phase when a visible flame was present: re-kindling sometimes led to a diminished or nearly
extinguished flame and these instances were categorized under ignition. When only glowing
embers were present, combustion entered the smoldering phase. Two of the fuels (U.P. dung
and Chh. rice straw) could not sustain the flaming phase for more than a few minutes. These

fuels were therefore burned in combination with U.P. wood.

The kitchen was a single room on the second floor of the house, separate from all other rooms.
A permanently open door and a partially covered window covered were ventilation sources.
Real-time instruments sampled naturally diluted emissions from an eight-armed stainless steel
placed ~1.2 m above the top of the stove (Fig. S1). A Testo-350 gas analyser continuously
measured carbon monoxide (CO) and carbon dioxide (CO2) during the cooking tests. PM; s
samples were collected on 47 mm PTFE membrane and quartz fiber filters using Minivol (5 L

min™') samplers (AirMetrics Model 4.2), during different times in each cooking cycle. Filter



sample durations ranged from 0.5 to 4 minutes to prevent filter overloading. Field blanks were
collected (minimum sampling duration of 15 minutes) each day before testing. Wireless
particle light scattering sensors (Sharp GP2Y) were attached to the Minivol sampler and the
sampling probe during six experiments to check for any significant differences in the particle
concentrations measured at the two locations. Measurements where either sensor was saturated
were discarded, and a linear regression analysis performed on the valid data points. A

correction factor of 1.6 was applied based on regression slope!!.

. Filter optical analysis: PTFE filters were weighed before and after sampling using a

microbalance at Pt. Ravishankar Shukla University, Raipur, India to obtain the net mass
deposited. While in the test kitchen, the filter samples were kept in a portable insulated box
with freezer packs. Both sets of filters were stored in a freezer (-20 °C) after each day of
sampling. Storage period (before analysis) was less than 50 days for all filters. At the end of
the study, the quartz filters were transported to Desert Research Institute, Nevada, where they
were analyzed using the Interagency Monitoring of Protected Visual Environments — A
(IMPROVE _A) thermal-optical reflectance (TOR) method to determine elemental and organic
carbon fractions in the sampled particulates. The PTFE filters were brought to Washington
University in St Louis for optical analysis. For each filter, sample-side transmittance (75) and
reflectance (Ry) were measured for wavelengths 350-900 nm using a Perkin-Elmer LAMBDA

35 UV-vis spectrophotometer (see Pandey, et al. > for more details on filter analysis technique).

Statistical and error analysis methods: We derived the bounds on all reported quantities
from the distribution of values derived from individual samples. All results are reported as
means + standard deviations or along with 95% confidence intervals. Given that emissions data

are non-negative and exhibit distributions with long tails (due to the occurrence of high



emissions events! 3), a lognormal distribution was selected as a probable candidate for
representing pooled absorption emission factor (AEF) data. We evaluated the assumption of
lognormality of AEF data by performing the Anderson-Darling test on log(AEF): test statistic
was calculated as 0.324 and the critical value at a significance level of 0.05 was 0.7408. The
null hypothesis (that data are normally distributed) is rejected if the test statistic is larger than
the critical value. Thus, in this case the null hypothesis was valid at a 0.05 significance level.
Student’s #-tests comparing AEFs for the three fuel categories (fuelwood, agricultural residue

and dung) were also performed on log(AEF) instead of directly using AEF values.

Figures (S1-S6) and Table (S1):

Portable Aerosol

Sampling probe Mobility Sizer
1.4 m tubing | Sidepak (PM, s mass

A concentration)
Gas analyzer (CO,,CO) |

Minivol sample

Traditional mud stove

Fig. S1: Schematic representation of the experimental setup. S1 and S2 denote the position of the wireless

optical sensors.



Two-component absorption apportionment
for a dung emission sample:

ABSOC - ABSPM2.5 — ABSBC

assume no ABS..
for A >700 nm

i ; __--=._ T - —_
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Filter absorbance emissions

Fig. S2: Absorption spectrum for a sample of dung emissions is deconvoluted by assigning all absorption
at wavelengths greater than 700 nm to BC and extrapolating BC absorption at smaller wavelengths using a

fixed BC AAE (1.2 in the figure).
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Fig. S3: Absorption emission factors in m’kg™! fuel consumed, at 550 nm wavelength: (A) AEFoc grouped
by observed combustion phase: boxes denote the upper and lower quartiles and whiskers denote 1.5 times
the interquartile range, outliers are shown as red + symbols, number of samples for each category are
specified above the whiskers and (B) AEFoc shown as a histogram of all samples, overlaid by a fitted

lognormal distribution. Plots in (C) and (D) are the same as (A) and (B), respectively, but for AEFzc.
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Fig. S4: Probability distributions of (A) MACpum and (B) MACpum,no-oc for all samples in this study.

Table S1: Slope (m), intercept (c) and adjusted R? for the linear fits: MACpwm,no-oc =m* MACpy + C.

BC AAE

0.9 1.2 1.5
m 0.82 0.88 0.94
c -0.09 -0.09 -0.1
Adjusted R? 0.97 0.97 0.97
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Fig. S5: Probability distributions of simple forcing efficiency of cookstove particulate emissions over (A)

ground and (B) snow. Forcing was calculated with and without OC light absorption, with a fixed MSC =1.5
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Fig. S6: Probability distributions of simple forcing efficiency of cookstove particulate emissions attributed

to OC light absorption over (A) ground and (B) snow. The difference between SFEpm and SFEpwm no-oc

depends only the difference in the respective MAC values: SFEpy — SFEpy nooc = S Téem(1 —

Fc)ag x [MACpy (2) — MACp M,noocu)] This difference can be interpreted as the contribution of OC light

absorption to forcing by cookstove emissions.
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