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Abstract. Project Surya has documented indoor and out-clean cooking technologies will likely have a major positive
door concentrations of black carbon (BC) from traditional impact not only on human health but also on regional cli-
biomass burning cook stoves in a rural village located in themate.
Indo-Gangetic Plains (IGP) region of N. India from Novem-
ber 2009-September 2010. In this paper, we systematically
document the link between local scale aerosol propertie .

: . : E Introduction
and column averaged regional aerosol optical properties an

atmospheric radiative forcing. We document observationsROughly half of the world’s population relies on solid fu-
from the first phase of Project Surya and estimate the sourc Is (wood, animal dung, crop residues and coal) for daily
erendent (biomass gnd fossil fuels) aerosol optical prOperﬁousehoId energy needs:. Cooking with these fuels results in
ties from local to regional §cale. Data were collected YS“the emission of a significant amount of smoke (comprised
ing surface based observations of BC, organic carbon (OC)mainIy of black carbon and the condensed fraction of semi-
aerosol light absorption, scattering coefficient at the Sury. olatile organics) due to incomplete combustion. For the

village (SV1.1) located in IGP region and integrated with ./ part, cooking is done in the kitchen microenvironment

s’gij“tﬁ_ﬁn% AlERONETngservau?n? at th? gzlgslﬁnal zcal%ith poor ventilation, which leads to an extensive build-up of
(IGP). The daily mean concentrations & owe smoke; this in turn results in exposure to high levels of partic-

a large increa;e of BC during_ the dry season (Decembeﬁlate matter which causes adverse health effects (Sauvain et
to February) with values reaching 35 ug#n Space based oy “5006. Smith et al., 2004; Schwarze et al., 2006). This
LI.DAR dat‘.”‘ reyealed how t_he biomass smoke was trappe ndoor smoke escapes outdoors and leads to atmospheric
within the first kilometer during the dry season and extende rown clouds (ABCs) (Ramanathan et al., 2001a)

to ?bo"e 5km during the pre-monsoon season. As a r?su“’ Black carbon (BC), a major component of smoke, strongly
during the dry season, the variance in the daily mean single

. . . .~ 2 absorbs sunlight in the atmosphere and is considered to be
scattering albedo (SSA), the ratio of scattering to extlnct|onthe second largest contributor to global warming after,CO

coefﬂuen.t, and column agrosol optlgal properties at the IC)'(Ramanathan and Carmichael, 2008; Jacobson, 2010). BC
cal IGP site correlated (with slopes in the range of 0.85to_. ... . : ) .
significantly impacts global climate as well as regional cli-

2 H “ 1]
1'06.3 andR* > 0.4) yvell with the .IG.PAER.ONI.ET (mean mate by perturbing the monsoon circulation and contributing
of six AERONET sites). The statistically significant correla- . . .
. T . . to the retreat of mountain glaciers (Ramanathan et al., 2001a;
tion suggested that in-situ observations can be used to deriv,

spatial mean forcing, at least for the dry season. The atmo—Eau et al,, 2008; Menon et al,, 2002, 2010; Flanner et al,
spheric forcing due to BC and OC exceeded 20 Vuring 2009; Pettus, 2009). Because of its positive atmospheric ra-

all months from November to Mav. supporting the Oleduc_diative forcing (i.e. warming) and relatively short residence
. L Y, supporting time in the atmosphere (few days to weeks) compared tp CO
tion that elimination of cook stove smoke emissions through

(lifetime of decades to centuries), reducing BC emissions

Published by Copernicus Publications on behalf of the European Geosciences Union.



1174 P. S. Praveen et al.: Biomass cooking and regional solar absorption in India

presents unique opportunities for delaying climate change
(Ramanathan and Wallack, 2008; Molina et al., 2009; Ra-
manathan and Xu, 2010). Organic carbon (OC), co-emitted =
along with BC, was previously known to have negligible so-
lar absorption and thus assumed to have only a cooling ef- =
fect (Andreae and Gelencser, 2006). However, studies have
shown that some OC fractions (referred to as brown carbon) =
emitted mostly during biomass burning show strong wave-
length dependence of absorption in the ultraviolet and visible
region (<600 nm) (Kirchstetter et al., 2004), thus adding to
positive atmospheric radiative forcing. "
Biofuel combustion is the predominant source of BC emis-
sions (Tgyr?) over Africa (72 %) and South Asia (68 %) "
(Reddy and Boucher, 2007). Over India, BC emissions
(Ggyr1) from fossil fuel, open burning, and biofuel com- '
bustion contribute around 25%, 33%, and 42 %, respec-
tively (Venkatraman et al., 2005). Model simulation has
shown that replacing traditional methods of cooking (i.e.
burning biomass fuel in a mud stove) with improved cook
stoves may significantly reduce atmospheric BC burden over
South and East Asia (Ramanathan and Carmichael, 2008).
The Indo-Gangetic Plain (IGP), situated along the south-
ern edge of the Himalayan region and spanning across the
North-Eastern parts of India, is one of the most densely pop-
ulated regions on the planet. It is characterized by large an-
thropogenic emissions from rural households, thermal power
plants and industries, causing a widespread layer of ABCs
over the region (Ramanathan and Ramana, 2005), as revealed
by MODIS aerosol optical depth for the IGP region (Fig. 1).
Project Suryais the first field study designed to examine the
potential of mitigating biomass BC emissions for slowing

down global warming and for reducing negative health ef-r;, 1 (Apove) MODIS TERRA mean aerosol optical depth (AOD)
fects (Ramanathan and Balakrishnan, 2007). The first (Oyr the period 1 October 2009 to 14 April 2010 over India. SMVI

pilot) phase of Project Surya was started in October 2009 insyrya village) represents our sampling location. KAN represents

a rural village located in the IGP region of Northern India. neighbouring urban (130 km away from S¥) AERONET site at

The first phase observations were devoted to baseline meacanpur (26.30N, 80.31 E). Other AERONET sites in the IGP re-

surements of BC concentration and aerosol optical propertiegion are shown as 1 (Gandhi College; 23/8284.07 E), 2 (Gual

from both indoors and outdoors. Pahari; 28.25N, 77.09E) and 3 (Nainital; 29.2IN, 79.27 E) lo-
This is the third in a series of four papers on the first phasecated in India; 4 (Pokhara; 28:09, 83.58 E) and 5 (Kathmandu

study. The first paper (Ramanathan et al., 2011) dealt witfniversity; 27.36N, 85.32 E) located in Nepal. Dashed line repre-

a cell-phone based BC monitoring system for large scalg®®"ts the "IGEMODIS” region used for calculating regional mean

AOD (using MODIS). (Below) Satellite view showing locations of

(e.g. 100-300 households) measurements. The second P& wwo sampling sites: SV and highway;

per (Rehman et al., 2011) explored the link between indoor ' '

and outdoor BC concentration. The fourth paper (Kar et

al., 2011) investigated differgnt commercially .avgilable im_— 2 Experimental description

proved cook stoves for cutting down BC emissions. This

study documents the baseline BC measurements on diurnap, 1  Site description

daily and seasonal time scales and examines the source de-

pendent aerosol light absorption characteristics. One of thé’roject Surya’s observational campaign was started on 15

main goals of Project Surya is to document the impact ofOctober 2009 in a typical Indian rural village (28, 81° E)

BC mitigation on regional climate. This study also integrateslocated in the IGP region (Fig. 1). The Surya village (referred

the surface data collected in the village with other ground-to as SVL1 from hereafter) was nearly 3 km from a national

based network and satellite observations in order to probdighway, approximately 2 km from a state highway, and was

the link between local-scale emissions and regional-scale atocated within 15 km radius of an industrial zone. The VI

mospheric BC solar absorption. had around 485 households in seven close-by hamlets. We

E -5

Latitude
5

8
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conducted experiments in the largest hamlet which consistedegrees (Anderson and Ogren, 1998). However, we did not
of around 200 households. Most of the households usedise any correction factor to account for angular truncation
biomass as cooking fuel. Outdoor fires (for relief during error of nephelometer data, since the illumination function
the cold winter) and occasional open burning of crop residuan the ECOTECH nephelometer deviates significantly from
were the other major sources of biomass originated aerosatther commercially available nephelometersifidr et al.,
apart from cooking. Vehicular and industrial emissions were2009). The instruments at both VC and NEV sites were de-

the fossil fuel related pollution sources in the region. ployed on the roof under the shade. The air sampling inlet
was mounted at a height 6f10 m above the ground; stain-
2.2 Instrumentation less steel tubing was used for sample intake. The inlet system

was designed to prevent entry of raindrops or insects into the

Observations were classified as indoor and outdoor measurgample stream. BC measurements were tested with and with-
ments. For indoor observations, concentration of real-timeoput an inlet system to assess any particle loss. The slope and
BC and elemental carbon (EC) were measured in the kitchegorrelation coefficient of the comparison between BC mea-
microenvironment in selected SMI households. Real-time surement with and without inlet system (plot not shown here)
BC was measured using a single wavelength (880-nm) miwere found as 0.99 ani? = 0.78, respectively, suggesting
croAeth Model AE51 (Magee Scientific, Berkeley, CA). minimal particle loss.
Three AE51 instruments (MA158, MA160, and MA165)
were used for indoor BC measurement. The flow rate use®.3 Data processing and validation
for sampling was 50 mImint with a time base of 1 min. In
addition, 24-h indoor integrated aerosol samples were colAE31 and AE42 aethalometers measured attenuation of the
lected on quartz filter using a novel cell phone based BClight beam at seven different wavelengths (370, 470, 520,
monitoring system (BGCBM). These filter samples were 590, 660, 880 and 950 nm) after being transmitted through
subjected to EC/OC analysis using a thermal-optical EC/OCaerosols which were continuously deposited on a quartz
analyzer (Schauer et al., 2003). Details of indoor samplindfiber filter. The aethalometer manufacturer (Magee Scien-
and analysis using BCBM and AE51 were given in Ra- tific) calibrated the instrument based on the assumption that
manathan et al. (2011) and Rehman et al. (2011). the change in aerosol light attenuation coefficient timis

Outdoor measurements consisted of measuring real-timgroportional to BC concentration (gT) through a con-
BC and aerosol scattering coefficient to understand thestant called specific absorption cross sectioRgnt). The
aerosol heating and cooling properties. For this purpose880nm channel is recommended by the manufacturer for
we chose a sampling site at the center of the $\(He- BC measurement. However, due to aerosol-filter interactions
noted as VC site). We also measured BC at the North-Easfsuch as multiple light scattering effects within the filter and
corner of the SVI1 (denoted as NEV site) to understand the “shadowing” effect due to filter loading), the aethalome-
aerosol spatial variability in the village. The distance be-ter observed aerosol attenuation coefficient was larger than
tween the NEV and VC sites was approximately 250 m. Atthe actual air-borne aerosol absorption coefficient (Arnott et
NEV, real-time BC concentration measurements were starte@l., 2005; Schmid et al., 2006). Correction methods have
on 15 October 2009 using 7-wavelength Aethalometer Modebeen well documented in recent literature as a means by
AE42 (Magee Scientific, Berkeley, CA). At VC, real-time which to obtain the actual air-borne aerosol absorption coef-
measurements of both BC and aerosol scattering coefficierficient from aethalometer aerosol attenuation coefficient data
were started on 1 November 2009; BC was measured usfArnott et al., 2005; Schmid et al., 2006). The present data
ing a 7-wavelength Aethalometer Model AE31 (Magee Sci- analysis followed the Schmid et al. (2006) method to derive
entific, Berkeley, CA). Aerosol scattering coefficient was air-borne aerosol light absorption coefficient at seven wave-
measured using the single wavelength (550-nm) integratindengths from the aethalometer data. The derived aerosol light
nephelometer Model M9003 (ECOTECH). In addition, one- absorption coefficient was then converted to BC concentra-
week observations of BC and aerosol scattering coefficiention through dividing it by a specific absorption cross section
were also conducted at the highway (nearest traffic junctiorvalue. A wide range of values have been reported for specific
from the SVL1) from 19-27 November 2009 using the AE42 absorption cross section (11.1 to 14.5gn* at 670 nm) for
and the nephelometer to infer the fossil fuel contribution.  ambient BC aerosols depending upon the location in IGP re-

Both AE42 and AE31 were operated with a flow rate set atgion (Ram and Sarin, 2009). Considering specific absorption
2 Imin—! and a measurement frequency of 2 min. The neph-cross section inverse relation with wavelength, its values at
elometer was operated at a sample flow of 5IMinThe 880 nm will be 8.6 to 11.2 fg~1. We used a middle value
scattering response of the nephelometer was calibrated usingf ~10 n? g~* for 880-nm channel”. We used the same ap-
CO, as a span gas and filtered air as zeroing gas. The neplproach for correcting data from AE51 instruments.
elometer has different illumination sensitivities for coarse We first assessed the response of the aethalometer to pure
and fine particles due to truncation of forward scattering; thebiomass and fossil fuel combustion aerosol. For this purpose
instrument cannot detect forward scattered light between 0—the AE31 instrument was operated for about an hour near a
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biomass cook stove and a diesel vehicle exhaust. Figure z o5  ofai ]
shows the wavelength dependence of the normalized light Rack Mount Aethalometer Portable Aethalometer

absorption coefficient for both the sources. The spectrally
dependent aerosol absorption coefficient is given by a powerig. 3. Inter-comparison of BC measurements between three
law relationshipo;, = CA~AAE whereo, is the aerosol ab- different models of Aethalometers (microAeth, Rack Mount and
sorption coefficient at wavelength); C a constant, and Portable) used in our study, standard errors for slope and Y offset at
AAE is the absorption Angstrom exponent (Kirchstetter et 95 % confidence are given in brackets.
al., 2004). The biomass aerosol had higher absorption in the
UV and visible regions compared to the fossil fuel aerosol. )
The AAE for the absorption coefficient was calculated by the ~Finally we compared the ambient BC from AE31 (used
negative slope of absorption vs. wavelength in a log-log plota?’ a represgntatlve of the aethalome'Fer measureme_nt) at VC
(for wavelengths 370 to 950nm). Our results showed thatVith EC derived from the thermal-opucal method. Figure 4
the mean AAE value of biomass was observed as 2.2; whiléempares BC from AE31 with the EC from the thermal-
for fossil fuel the value was 1.17. The observed aethalometePPtical method. The filters for the thermal-optical method
response was in close agreement with earlier reported valug¥as collected using the BCBM system running simulta-
(Bergstrom et al., 2007; Kirchstetter et al., 2004). neously with AE31. The slope and’Rf the comparison

It is essential to assess the BC measurement precisioWere found to be 0.89 and 0.52, which were well within the

among AE31, AE42, and three AE51 aethalometers for thdange observed by many earlier studies. In our study BC was

same ambient air sample. Figure 3 shows the individualf®und to be 14.% lower compared to EC. This could be partly

comparisons between the different aethalometers. All threéattribUted to the loss ‘?f BC daFa during frequent aetha!ometer
AE51(MA158, MA160, MA165) were tested for precision tape _advance, espemally during peak BC concentration. On
in a rural household kitchen environments near a cook stové YPical observation day, 10-15% of BC data was lost due
after being connected parallel to each other with a single in-1© taPe advance.

let. Figure 3a—c shows comparisons between three AE51 in-

struments. BC measurements from all three AE51 agreed Resyits

well with each other (slope ranging from 0.92 to 0.97, and

correlation coefficient®? ranging from 0.98 to 0.99). Fig- 3.1 Daily and monthly variation of BC concentrations

ure 3d—f shows a comparison between BC measurements of  inthe SVI_1

co-located aethalometers AE 31, AE42 and AE51 (model

MA160). The slope of inter-comparison ranged from 0.81 Figure 5 shows the daily and monthly mean variations of

to 0.85 andR? ranged from 0.79 to 0.89, indicating good BC concentrations at the VC site from November 2009 to

consistency between the instruments. May 2010. Daily mean BC concentration at VC during the

Atmos. Chem. Phys., 12, 11734187, 2012 www.atmos-chem-phys.net/12/1173/2012/
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Fig. 5. Daily and monthly mean variation of BC concentrations at
SVI_1 village centre (VC).
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study period varied from 3 to 56 pgm with a mean value
of 14.64+7.5pugnT3. BC concentrations were found to be .
higher during the winter (or dry) season (December to Febru- 00 03 06 09 12 15 18 21 24
ary) compared to the pre-monsoon season (March to May). Local Time (Hour)

The highest monthly mean BC concentration at VC was ob-

served in December (22455.2 ugnm3), and after a grad- Fig. 6. Diurnal variation of seasonal mean BC concentration at
ual decrease to a lower value in March (&2.4pugnr3)  SVI-1village centre (VC).

the concentrations were found to increase again té&: 3®

ug T3 in April. High BC concentrations in winter may ) ) o )
be attributed to an increase in the intensity of outdoor firesm@ximumin BC concentration in the morning between 06:00

(for relief during the cold winter) as well as meteorologi- @nd 09:00 and in the evening between 17:00 and 20:00 local
cal conditions such as low wind speeds and low level inver-ime. These times closely coincided with the morning and
sion. The effects of meteorological conditions are further ex-8vening cooking hours in the village. BC concentrations de-
plained in Sect. 5.1. The rise in ambient BC concentrationscréased gradually from morning to noon, likely due to deep-
in April could be attributed to an increase in open burning ac-€ning of the boundary layer and convective pumping of pol-
tivity (Beegum et al., 2009). This is further supported by the lution to the free troposphere. BC_ re_acheo_l its minimum value
fire activity data from MODIS (plot not shown here) which betyveen 12:00 gnd 15:QO h. A similar build of BC occurred
showed that during the study period fire pixel count in the during the evening cooking hours followed by a gradual de-
region (29-24N, 85-75 E) peaked in the month of April, Crease through the early morning h(_)urs. The morning and
2010. Venkatraman et al. (2006) also reported that BC emis€vening peak BC concentrations during the monsoon season
sion from forest fires peaked in March and the BC emissionere much lower compared to the other seasons (dry, pre-
from crop residue burning peaked in May and October. TheMonsoon and post-monsoon).

NEYV site had a mean ambient BC concentration of #7642

g N3 during 15 October 2009—30 April 2010. A compari- 3.3 Comparison of SVL1 BC with previous

son between BC measured at VC and NEV (plot not shown ~ measurements in the region

here) produced a slope of 0.96 and& of 0.64 indicating

that there was not much spatial variation within the village. Over the past decade, there have been many observational
campaigns and long-term monitoring studies for BC mea-

3.2 Diurnal variation of BC in the SVI _1 surements in different parts of India covering urban, rural,
coastal, marine and high altitude environments (see Table 1).
Figure 6 shows the seasonal mean diurnal variation of amReported BC concentrations over Indian cities were found to
bient BC concentration at VC. The diurnal variation of BC be quite high when compared to cities in other parts of the
in all four seasons showed a similar trend; with twice daily world (Ganguly et al., 2006; Latha and Badarinath, 2005;

BC concentration (ju

www.atmos-chem-phys.net/12/1173/2012/ Atmos. Chem. Phys., 12, 1117187, 2012
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Table 1. Comparison of SVIL BC concentration (g ') with earlier reported BC concentration (ug#) at different locations in India.

Location Site Winter Pre-Monsoon Monsoon Post-Monsoon  Year Reference

SvI_1 Rural, IGP 16.3 12.7 3.8 13.8 2009-10  Present

Gadanki Rural 4 1 2008 Gadhavi and Jayaraman (2010)
Nepal, Godavari Rural 2.3-0.8 1.7-11 0.2-0.5 0.5-0.5 2006 Stone et al. (2010)
Kharagpur Urban, IGP 9.3-7.5 6.9-2.7 2006 Beegum et al. (2009)

Kanpur Urban, IGP 6-20 2004 Tripati et al. (2005)

Agra Urban, IGP 17.4-10.5 2004 Safai et al. (2008)

Delhi Urban, IGP 27-19 12-8.1 2006 Beegum et al. (2009)
Ahmedabad Urban 11.6 3.9 2.1 10.9 2008 Ramachandran and Kedia (2010)
Pune Urban 7.4 3.3 1.3 6 2005 Safai et al. (2007)

Hyderabad Urban 21-25 12-15 2006 Beegum et al. (2009)
Trivandrum, Urban, Costal ~5 ~15 2000-01 Babu and Moorthy (2002)
Vishakhapatnam Urban, Costal 8 3.3 1.7 0.4 2005-06 Sreekanth et al. (2007)
Manora Peak Hill station 1.8 0.9 0.5 14 2005-08 Rametal. (2010)
Mukteshwar Hill station 1.2-0.5 1.4-0.9 0.8-0.3 0.8-0.7 2005-07 &kiyen et al. (2009)

Nepal, NCOP Hill station 0.13 0.3 0.06 0.14 2006-07 Marinoni et al. (2010)

Port Blair Marine 2.6 1.8-1.3 2006 Beegum et al. (2009)

MCOH, Maldives  Marine 0.7 0.04 2004-05 Corrigen et al. (2006)

Minicoy Marine 0.5 0.2-0.07 2006 Beegum et al. (2009)

Babu and Moorthy, 2002). The observed BC concentrationsThe layer of non-absorbing coating (such as organics) on BC
in India showed large spatial variations depending on the lo-aerosol is known to enhance its absorption characteristics.
cation (Table 1); mainland BC concentrations (especially ur-However in the winter months, we found significant increase
ban centers and IGP region) were much higher than thoseé the aerosol scattering coefficient values, even though the
at high altitude and island stations. Total aerosol and BCwinter months are expected to have relatively more burning
aerosol concentrations were 5-10 times higher over the IGBf biomass (mainly wood for relieve from cold weather). The
region compared with non-IGP locations (Nair et al., 2007; likely reason could be the increase in the RH values during
Beegum et al., 2009). The observed daily mean and diurthe winter months. With increase in the RH values, the radius
nal variation of BC concentrations at S¥lwere within the  or the size of the BC particles will grow because of water up-
range of reported values in the region (Beegum et al., 2009)take and collapse of the fractal-like shape to more spherical
shape due to surface tension of water. The relatively larger
BC particle with thick coating of water vapor will scatter
more light (Pereira et al., 2011) that will offset the enhance
absorption due to condensed volatile organics.

The aerosol single scattering albedo (SSA), which is the
ratio of the scattering to the extinction coefficient, is one

. . o of the important parameters which determine the impact of
Figure 7a shows the daily mean variation of aerosol scattergerosols on radiative forcing. Figure 7c¢ illustrates the daily

ing and absorption coefficients at VC during the study pe-mean variation of surface SSA at VC along with colum-

riod. Aerosol scattering coefficient showed an increasingnar SSA (from AERONET) at adjacent urban center Kanpur
trend from the post monsoon season to the winter seasonp6.30 N, 80.31E). Between January and March, VC and

before displaying a decreasing trend from winter towards thec anpur SSA values were in a similar range with values rang-
monsoon season. Aerosol absorption coefficient followed gng petween 0.7 and 0.95. However, during the rest of the
similar trend to that of BC (Fig. 5) but unlike the scatter- year, VC SSA values were mostly less than 0.8 compared to
ing coefficient trend, it did not have a maximum during win- Kanpur columnar SSA. When SSA falls below 0.9, aerosols
ter. The winter time peak in the scattering coefficient co- significantly heat the atmosphere and reduce solar radiation
incided with a corresponding peak in the relative humidity 5t the surface, thus causing large impact on regional climate
(daily mean RH shown in Fig. 7b), thus implying hygro- and the hydrological cycle (Ramanathan et al., 2001a; Krish-

scopic growth of the aerosol (Pan et al., 2009). Biomasshan and Ramanathan, 2002; Menon et al., 2002).
burning, because of its combustion condition, emits signif-

icant fraction of volatile organics. Therefore freshly emitted
BC patrticles, which have fractal-like structure, are covered
by thin layer of non-absorbing condensed volatile organic.

4 Characteristics of solar absorption by BC

4.1 Time series of aerosol scattering and absorption
coefficient

Atmos. Chem. Phys., 12, 11734187, 2012 www.atmos-chem-phys.net/12/1173/2012/
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Fig. 7. (a)Daily variation of aerosol absorption coefficient and scat- Local Time (Hour)
tering coefficient from surface observation at SMVillage center
(VC), (b) daily variation of scattering coefficient and relative hu- Fig. 8. Comparison of diurnal variation of relative humidity, absorp-
midity (RH) from surface observation at SXlvillage center (VC),  tion coefficient, scattering coefficient and single scattering albedo
(c) daily variation of single scattering albedo (SSA) at S\Vil- (SSA) at SVI1 village center (VC) and highway (traffic junction).
lage center (VC) and column measured SSA from AERONET site
located in neighbouring urban centre, Kanpur.
also effect morning peak emission hours, however the SSA
did not show any dip; a matter which requires further inves-
Figure 8 shows the diurnal variation of aerosol absorp-tigation.
tion and scattering coefficient, and relative humidity along
with SSA for VC and the near-by highway. The aerosol 4.2 Absorption Angstrom exponent
scattering and absorption coefficients showed a similar di-
urnal pattern at VC and the highway, with slightly higher As previously demonstrated (Kirchstetter et al., 2004; Rizzo
values observed at the highway. SSA values were observeet al., 2011; Chakrabarty et al., 2010), the spectral depen-
to be high in the afternoon time between 12:00 and 15:00dence of light absorption can be used to distinguish between
for both the VC and the highway locations. During noon aerosols originating from fossil fuel and biomass fuel com-
time, secondary aerosol production through photochemicabustion. The presence of brown carbon (light absorbing OC
processes may increase scattering aerosols compare to afmainly from biomass combustion) enhances the aerosol light
sorbing aerosols, which may be reflected in the higher SSAabsorption in the wavelength region< 600 nm. Under-
(Yan et al., 2008). Furthermore, SSA showed a decreasingtanding the spectral dependence of aerosol absorption is im-
trend in the evening hours and increased towards night timeportant for climate studies.
The absorbing aerosols (BC) are emitted directly from com- Figure 9a and b show the normalized aerosol light ab-
bustion sources (cook stoves, vehicles), whereas some of theorption of aerosol at highway and the VC during cooking
scattering aerosols are formed via a gas to particle conversioand non-cooking hours. The figure also shows the observed
process (Lyamani et al., 2010). This delay in the formationaethalometer response (from Sect. 2.3) to biomass (wood in
processes of absorbing and scattering aerosol and increasedook stove) and fossil fuel (diesel) combustion aerosol, along
BC emission from cook stoves and vehicles may cause thevith published (Kirchstetter et al., 2004) observations. A
dip in SSA in the evening hours. Similar processes shouldclearly distinct aerosol light absorption pattern can be seen
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E L Several studies have found that aerosols originating from
L= fossil fuel combustion show weaker dependence on spec-

tral light absorption, with the absorption Angstrom exponent

B (AAE) value close to 1 (Bergstrom et al., 2007; Kirchstet-
1 75\@&\ ter et al., 2004). However for aerosol emitted from biomass
. '(b? . o T burning, the values of the AAE have been reported be-
300 400 500 600 700 800 900 1000 tween 1.5 and 3; a value of 2 is often considered as a mean

(Bergstrom et al., 2007; Kirchstetter et al., 2004). An AAE
value between 1 and 2 could be indicative of aerosol of mixed
Fig. 9. Comparison of normalized light absorption coefficient of origin, that is, fossil and t?'omass fuel. The mean AAE val-
aerosol during cooking and non-cooking hours(a} Highway ~ UeS for the VC and the highway were found to be 1.81 and
and(b) SVI_1 village center (VC). Also show is earlier published 1.61, respectively. It is understandable that the lower value
(Kirchstetter et al., 2004) and the observed aethalometer respons&as observed at the highway since fossil fuel contribution
to biomass and fossil fuel combustion aerosols. was higher there compared to other locations. The higher
value observed at the VC was due to a high contribution
) ) of aerosol from biomass combustion sources, as almost all
for biomass and fossil fuel sources of aerosol. Both pub-nuseholds use biomass as cooking fuel. The AAE values
lished and observed Aethalometer response data indicategk \/c showed a similar diurnal pattern to BC (Fig. 10), with
that the normalized aerosol light absorption at 370 nm wasy,o prominent peaks — one in the morning hours of 06:00—
~5 times higher compared to the 700 nm for biomass com-g:00 and the other during the evening hours of 17:00—20:00.
bustion sources and2 times higher for fossil fuel combus- gc peaks were dependent on sources and meteorology con-
tion sources. Aerosol light absorption falling in between the ditions, whereas the AAE peaks indicated relatively different
two extremes of biomass and fossil fuel absorption pattern igontributions from sources during that time. Peak values of
indicative of the combined effect of aerosols from the two AaE at vC during cooking hours reached between 2.0 and
sources. Normalized aerosol light absorption at both VCp 5 syggesting that biomass contribution was most dominant
(Fig. 9b) and the highway (Fig. 9a) location indicated that g ring this period. The major biomass burning activities dur-
the aerosol sources were influenced by both biomass and fo%g this time were observed to be cooking and winter outdoor

sil fuel sources; with VC normalized aerosol light absorption fjras The highway AAE showed slight diurnal variation with
falling closer to pure biomass absorption line which is indica-,5),es in the range of 1.4-1.7.

tive of higher contribution by biomass aerosol. Interestingly,

at the highway, aerosol light absorption showed enhanced

absorption at the shorter wavelength during cooking hourss [ ocal to regional scale linkages

compared to non-cooking hours. This is indicative of the in-

fluence of biomass cooking activity on highway aerosol. This5.1 Vertical variations and transport of aerosol

is not surprising since the highway is surrounded by villages.

During non-cooking hours the normalized aerosol light ab-The fundamental mechanism for local to regional scale trans-
sorption at highway was closer to pure fossil fuel absorptionport of pollution is vertical transport (e.g. pumping by cumu-
line indicating the dominance of fossil fuel (diesel) generatedlus convection) from the surface layer to the free troposphere
aerosol. above, and from there it is carried by winds to other regions.

Wavelength (nm)
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Fig. 11. Monthly mean LIDAR extinction profiles (532 nm) from CALIPSO for the grid (26=R7and 80-82 E) for post-monsoon, dry
and pre-monsoon seasons, respectively. 58 located within this grid.

The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite season. In addition, aerosol layers were not observed above
Observation (CALIPSO) satellite provides high-resolution ~2 km and the containment of the pollution within a shallow
vertical distribution of aerosol and clouds whilst also of- boundary layer led to a build up of BC concentrations which
fering a unique opportunity to study vertical transport of reached a maximum of 16.3:8.8) ug nT3 in the winter.
aerosol. The CALIPSO lidar instrument known as CALIOP During the pre-monsoon season (March—-May) the weather
(Cloud-Aerosol Lidar with Orthogonal Polarization) mea- is very hot and dry, with a deep boundary layer and maxi-
sures the depolarized aerosol back-scattered light at wavenum daytime temperatures reaching as high &&4Dur-
length 532 nm. Figure 11 shows the monthly mean CALIOPing this season, dust content in the atmosphere is high, whilst
LIDAR level-2 extinction profiles over the observation loca- open burning activities such as forest fires and crop residue
tion (26-27 N and 80—-82E). burning are common. The monthly mean extinction profiles

During the monsoon season (June—September), air flow illqndmate th"?“ the ‘?‘e.rOSO' layer is tra_nsported as hlghEdmw
. . ._due to vertical mixing and convection, resulting in lower BC

the lower troposphere is predominantly Westerly over India, . 3

: . . N .__’concentration (12.# 5 ug n1°) at the surface.
which brings a large influx of moist air from the Arabian
Sea. During the post monsoon season (October—November) ) )
the Westerly flow weakens in the lower troposphere and tran-2 Regional scale correlations
sitions into Easterly flow. From the post-monsoon to the

dry (winter) season (December—February), the daily mearAerosol optical depth (AOD) is a measure of the columnar
surface temperatures gradually decrease, reaching minimumextinction of light due to aerosols, with higher AOD values
values during the dry season. Fair weather conditions withindicative of higher aerosol loading in that column. The vast
clear skies and dry conditions exist during the dry sea-IGP region has higher AOD values than the rest of India dur-
son. As shown in Fig. 11 for the post-monsoon season, théng all seasons (Ramanathan and Ramana, 2005; Ramana et
aerosols were mostly confined within2 km from the sur-  al., 2004; Chung et al., 2010). MODIS (Moderate-resolution
face with a maximum seasonal extinction coefficient valuelmaging Spectroradiometer) level-3 TERRA AOD data was
of ~0.5knT! (observed during the month of November at used to quantify aerosol column content at SivVand re-
~0.5km altitude). Almost no aerosol layer was observedgional mean of IGP (denoted as “IGRODIS"). The re-
above~3 km during the post-monsoon season. The observedjion considered for IGRMODIS is displayed as a dashed
BC concentration at the surface was 13.8.6 ug nt 3 in the line in Fig. 1. Figure 12 illustrates the daily variation of
post monsoon season. During the dry season, low level inAOD at SVIL1 (MODIS TERRA) and Kanpur (AERONET).
versions lead to a shallower aerosol layer (compared to thé1ODIS TERRA has two prominent over pass time over the
pre-monsoon season) resulting in accumulation of pollutantobservational location, one during05:00 GMT and other
near the surface. This is clearly seen in Fig. 11; the extinc~17:00 GMT. Total of 118 daily mean AOD data points
tion coefficients reached their highest values~df.7 knr ! were available for inter-comparison study during 15 Octo-
at~0.5 km altitude during the month of December in the dry ber to 14 April. The SVI1 AOD showed a similar trend
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with neighbouring (130 km away from SMl) urban cen-
ter Kanpur. Comparison between SVYIAOD and Kanpur
AOD (plot not shown here) yielded a slope of 0.89 dtfdof
0.55. Seasonal AOD variations in the IGP region show two
prominent peaks — during the winter (December—January) =
and the pre-monsoon period (March—May). The winter peak
is attributed to biomass burning and anthropogenic activities,
whereas the pre-monsoon peak is influenced by dust aeroséig. 13. Comparison of daily mean IGRIODIS and
from the Western Thar Desert (Prasad et al., 2007). AerosolGP-AERONET to local (Kanpur and SV1) scale aerosol op-
during winter is found to be of a highly absorbing nature (Tri- tical properties for the period November 2009 to May 2010.
pathi et al., 2005; Ganguly et al., 2009). IGP.AERONET was calculated from the mean of six AERONET

The NASA AERONET bagan a ouryear nensie fisd %22 beusll Jesoniops o e 1) Delbioes |

. . e v i Wi [
campaign on Apl’l|. 2008, called TIGERZ]tﬁp.//tlger;.gSfc. . in Fig. 1. Standard errors for slope and Ygoffset at 95 % confidence
nasa.goy. The aim was to measure aerosol microphysi- A
. . . . are given in brackets.

cal and optical properties over India. We considered the
means of six TIGERZ AERONET stations’ (shown in Fig. 1)
data in the IGP region (denoted as “IGERONET"). This
was done in order to study local and regional aerosol propwas homogeneously spread over the region during all sea-
agation, by inter-comparing aerosol column optical prop-sons. The AE describe the spectral dependence of the aerosol
erties between Kanpur (local) vs. IGRERONET. Errors  optical depth on wavelength, through the equation: AOD
in AERONET SSA and AAOD were estimated to be high (1) =AOD (A»_R) (A\/A_R)""E, wherex is wavelength and
for lower AOD values and dependent on solar zenith an-A_R is a reference wavelength. The AE is a useful quantity to
gles (Dubovik et al., 2002). For this study, we consideredassess the particle size of atmospheric aerosols, ranging from
level-1.5 data points as valid for AOD 675 naD.2 and solar 2 for fine-mode pollution aerosols (diameter of 100 nm or
zenith angle between 4575 during November 2009—May less; referred to as fine mode) to values less than 0.5 for larger
2010. dust particles (few microns or larger; referred to as coarse

Figure 13a—f illustrates the comparison between local tomode). The AE was calculated by the negative slope of AOD
regional scale AOD, SSA, AAOD, Angstrom exponent of vs. wavelength in a log-log plot (for wavelengths 437 to
the AOD (AE), and Angstrom exponent of AAOD (AAE 1020 nm). Local scale AE correlated with IGRERONET
MODIS AOD at SVL1 was correlated with IGRMODIS AE with R2=0.79 and slope=1.18 (Fig. 13c), indicating
AOD with R2=0.72 and slope=1.09 (Fig. 13a). Simi- that particle dominance — either fine or coarse - is identical to
larly, AERONET AOD at Kanpur (local scale) was correlated the regional scale. The local scale SSA was correlated with
with IGP_.AERONET AOD with R?=0.62 and slope=0.71 the IGRAERONET SSA withR? = 0.52 and slope =0.80
(Fig. 13b). We observed a similar correlation between lo-(Fig. 13d), indicating that the relative contribution of scat-
cal (SVL1) to IGPMODIS AOD for individual months tering and absorbing aerosols has a similar fraction at the
(Fig. 14). This indicated that the column aerosol contentregional and local scale. Similar to the AE for AOD, we
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Fig. 15. Scatter plot of IGRAERONET daily mean Angstrom ex-
ponent of AOD (AE) and daily mean Angstrom exponent of AAOD
(AAE) for the IGP region. IGRAERONET was calculated from the
mean of six AERONET sites located in India and Nepal (see Fig. 1).

(MODIS)

SVI_1 AOD

- - cating that occasionally IGP has regionally influenced dust
1GP_MODIS AOD transport. The high occurrence of AEL and AAE; > 1 val-

ues suggested that the IGP region is mainly influenced by
Fig. 14. Comparison of daily mean IGRIODIS to local (SVL1) urban and biomass sources (Fig. 15).
scale MODIS aerosol optical depth (AOD) during different months.
The IGP_MODIS represents the mean of the AOD over the regio
shown as dashed line in Fig. 1. Standard errors for slope and
offset at 95 % confidence are given in brackets.

nY5.3 Regional scale atmospheric radiative forcing

The Indian Ocean Experiment (INDOEX) documented for

the first time (Ramanathan et al., 2001a) the haze-induced
can define AAEc for absorption optical depth. Larger AAE reduction in surface solar radiation and large atmospheric
(>2) isindicative of dust and organics which absorb stronglyabsorption at the regional scale as well as its importance in
at shorter wavelengths<600 nm), while AAEc< 1 for BC. the hydrological cycle. Regionally, the absorbing haze re-
AAE_. is observed to be near 3 for dust aerosols, about 1 foduced surface solar radiation by an amount comparable to
urban and industrial aerosols, and greater than 1 for biomass0 % of the total ocean heat flux, and nearly doubled the
aerosols (Bergstrom et al., 2007; Russell et al., 2010). Théower tropospheric solar heating (Ramanathan et al., 2001)
local scale AAE correlated with IGRAERONET AAE: over the Indian Ocean during December to April. The haze-
with R2 =0.52 and slope=1.01 (Fig. 13f), indicating that induced reduction in surface solar radiation (surface forcing
local to regional sources of observing aerosols are similar. at—23 Wnm2) was 3 times larger than the reflected solar ra-

The observed AE of the IGRERONET was in the range  diation at TOA (TOA forcing at-7 Wm~2) for clear skies

of 0.1-1.6 indicating varying aerosol compositions, includ- and was a consequence of large atmospheric absorption (Ra-
ing dust domination to fine particles from biomass, urbanmanathan et al., 2001). However, the haze over the Indian
and industrial sources. Particularly, during April-May 2010, Ocean is a layer of pollutants and particles from natural and
AE was in the range of 0.1-0.8 due to the large influence ofanthropogenic sources which are transported from nearby
dust aerosols, perhaps due to soil erosion or dust transpodontinental land regions (Lawrence and Lelieveld, 2010). To
from the desert regions of western India (Fig. 15). Prasad etiuantify haze influence on regional and local climate, sev-
al. (2007) reported similar AE values during April-June over eral observational studies were conducted over mainland re-
the IGP region with AE< 0.2 for a high dust event. The gions. During such observations a seasonal and diurnal av-
wavelength-dependence of the absorption of mineral duserage reduction in surface solar radiation of approximately
depends on its composition, primarily hematite and certain32+5Wm~2 was observed over the IGP, using data col-
clays. The AAE of Saharan dust particles was in the range lected over Kathmandu, Nepal, for a three-year mean (2001—
of 1-2 (Collaud Coen et al., 2004). The results of this study2003) in the months of October to May (Ramanathan and
showed few data points with AE 0.2 and AAE > 1, indi- Ramana, 2005).

www.atmos-chem-phys.net/12/1173/2012/ Atmos. Chem. Phys., 12, 1117187, 2012
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50 was in the range of +22 Wn? to +42 WnT2 with a mean

0] of +29 Wn2 (Fig. 16). The present study estimated that at-
mospheric aerosol forcing values were within the range of

values reported by Day and Tripathi (2008) and Ramana et

al. (2004) for the IGP region.

30 4

20

ARF (Wm?)

10

6 Conclusions

] Ambient BC concentrations at the Project Surya village were
0.06 - in the range of 3.2-56 ug™, about an order of magnitude
larger than BC values in most polluted cities in developed
countries of the world. The BC concentration reached peak
values during winter, and gradually decreased towards the
pre-monsoon period of March to May. Rural BC concentra-
tions were well within the limits of observed urban BC in In-
dia. The diurnal variation of ambient outdoor BC suggested
038 that BC emissions from cook stoves are a major source of
i ambient BC. This agrees with Rehman et al. (2011) results
from aerosol absorption properties and EC/OC fraction. The
observed Angstrom exponent of the absorption coefficient
(AAE) for SVI_1 was greater than 1.6 in all four seasons,
suggesting a significant biomass contribution. The SSA was
. . . . in the 0.7-0.9 range at the surface, indicative of highly ab-

Dec Jan  Feb  Mar  Apr  May sorbing aerosols. The estimated mean aerosol atmospheric

Month (2009- 2010) forcing was observed at 29 WrA. Statistically significant
strong correlations between the village-scale values of AOD

Fig. 16. Monthly mean aerosol optical depth (AOD), absorption @nd SSA and the IGP basin-scale AOD and SSAs suggest
aerosol optical depth (AAOD) and aerosol atmospheric radiativethat the village level data collected in this study can be used
forcing (ARF) in the broadband region over Kanpur. to infer regional scale effects of cook stove emissions, partic-
ularly for the dry season. Furthermore, the strong correlation
between surface and column aerosol optical properties dur-
ing the dry season implies that surface measurements are a
valuable way to infer the column radiative forcing of cook
stove emissions.

0.04 4

AAOD

0.02 4

0.00 - L L L L 1/ . /i/ .
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To quantify clear sky atmospheric aerosol radiative forc-
ing in the IGP region, cloud-screened monthly mean Kan-
pur AERONET measured spectral AOD, spectral SSA, col-
umn water vapor, ozone, monthly CALIPSO extinction pro-
files and solar zenith angle were used as inputs to the Monte )

Carlo Aerosol Cloud Radiation (MACR) model. The MACR Appendix A

is a photon transport radiative transfer algorithm described . .

by Podgorny et al. (2000). Several case studies have shovvln'St of abbreviations and acronyms
that MACR calculation are consistent with observations (Ra- - :
manathan et al., 2001a; Ramanathan et al., 2007; Ramanef‘bbrev'at'onS/ Meaning

and Ramanathan, 2006). The observed monthly mean OfAcronyms

674nm AOD was in the range of 0.35-0.65, with a maxi- AAE Absorption angstrom exponent

mum of ~0.65 during April and May 2010 and a minimum  AAEc Angstrom exponent of absorption
of ~0.35 in March 2010 (Fig. 16). The SSA reached a mini- aerosol optical depth

mum of~0.83 at 674 nm in April 2010 (Fig. 16). The ground AAOD Absorption aerosol optical depth

bas and satellite data were used to estimate the forcing ef- ABCs Atmospheric brown clouds

ficiency defined as: change in the radiative energy budget AE Angstrom exponent of the aerosol opti-
due to a unit change in AOD. Calculated clear sky atmo- cal depth

spheric aerosol forcing efficiencies were between +41°\Wm  AE42 Aethalometer model AE42

and +66 WnT2, SSA at 0.92 to 0.83 at 670 nm wavelength, AE31 Aethalometer model AE31
respectively (Fig. 16). Maximum forcing efficiencies were AE51 microAeth model AE51

observed in April. Clear-sky atmospheric aerosol forcing AERONET Aerosol robotic network
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AOD Aerosol optical depth Arnott, W., Hamasha, K., Moosiatler, H., Sheridan, P. J., and
BC Black carbon Ogren, J. A.: Towards aerosol light-absorption measurements
BC.CBM  Cell phone based BC monitoring system with a 7-wavelength aethalometer: Evaluation with a photoa-
CALIPSO Cloud-Aerosol Lidar and Infrared coustic instrument and 3-wavelength nephelometer, Aerosol Sci.
Pathfinder Satellite Observation Tech., 39, 17-29, 2005.
CALIOP Cloud-Aerosol Lidar with Orthogonal Babu, S. S. and Moorthy, K. K.: Aerosol black carbon over trop-
Polarization ical coastal station in India, Geophys. Res. Lett., 29, 2098,
CcCO?2 Carbon dioxide doi:10.1029/2002GL015662002.
EC Elemental carbon Beegum,_ G.N., Moorth)_/, K. K., Babu, S. S.., Sathhesh_, S., Vinoj, V.,
IGP Indo-Gangetic Plains Badarinath, K.,_Safal,. P, 'De'varell, P., Singh, S., Vinod, Dumka,
. . U., and Pant, P.: Spatial distribution of aerosol black carbon over
INDOEX Ir_]dlan Ocea_n Experlment. India during pre-monsoon season, Atmos. Environ., 43, 1071—
LIDAR Light Detection And Ranging o 1078, 2009.
MACR Monte Carlo Aerosol Cloud Radiation Bergstrom, R. W., Pilewskie, P., Russell, P. B., Redemann, J., Bond,
MODIS Moderate-resolution Imaging Spectro- T. C., Quinn, P. K., and Sierau, B.: Spectral absorption proper-
radiometer ties of atmospheric aerosols, Atmos. Chem. Phys., 7, 5937-5943,
NASA National Aeronautics and Space Ad- doi:10.5194/acp-7-5937-2002007.
ministration Chakrabarty, R. K., Moosiiller, H., Chen, L.-W. A., Lewis, K.,
NEV North-East corner of the Surya village Arnott, W. P., Mazzoleni, C., Dubey, M. K., Wold, C. E., Hao,
ocC Organic carbon W. M., and Kreidenweis, S. M.: Brown carbon in tar balls
RH Relative humidity 6363-657000110.5 104120 10.6363 2018010,
SSA Single s_catterlng albedo Chung, C. E., Ramanathan, V., Carmichael, G., Kulkarni, S., Tang,
SVI.1 Surya village Y., Adhikary, B., Leung, L. R., and Qian, Y.: Anthropogenic
TOA Top-of—the-atmosphere aerosol radiative forcing in Asia derived from regional models
uv Ultraviolet with atmospheric and aerosol data assimilation, Atmos. Chem.
vC Center of the Surya village Phys., 10, 6007-6024ipi:10.5194/acp-10-6007-2012010.
o Absorption coefficient Collaud Coen, M., Weingartner, E., Schaub, D., Hueglin, C., Cor-
A Wavelength rigan, C., Henning, S., Schwikowski, M., and Baltensperger, U.:
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