Ann. Geophys., 28, 10341, 2010 ~ "*

www.ann-geophys.net/28/103/2010/ G An n_ales
© Author(s) 2010. This work is distributed under Geophysmae
the Creative Commons Attribution 3.0 License. -

Absorbing aerosols: contribution of biomass burning and
implications for radiative forcing

H. Gadhavi and A. Jayaraman
National Atmospheric Research Laboratory, Gadanki 517 112, India

Received: 1 July 2009 — Revised: 13 November 2009 — Accepted: 24 December 2009 — Published: 18 January 2010

Abstract. Absorbing aerosols supplements the global warm-1  Introduction

ing caused by greenhouse gases. However, unlike green-

house gases, the effect of absorbing aerosol on climate is nd@@onventional wisdom is that aerosol exerts cooling effect on
known with certainty owing to paucity of data. Also, uncer- the Earth’'s climate and potentially offsetting the warming
tainty exists in quantifying the contributing factors whether caused by greenhouse gases. However, cooling or warming
it is biomass or fossil fuel burning. Based on the obser-by aerosols depends on the absorption property of aerosols
vations of absorption coefficient at seven wavelengths andis well as the reflectivity of the underlying earth’s surface.
aerosol optical depth (AOD) at five wavelengths carried outSoot like particles are highly absorbing type aerosols (Bond
at Gadanki (13.5N, 79.2 E), a remote village in peninsular and Bergstrom, 2006) and can play a role in warming of the
India, from April to November 2008, as part of the “Study of earth’'s atmosphere. Estimated warming by black carbon is
Atmospheric Forcing and Responses (SAFAR)” pilot cam- next only to CQ (Jacobson, 2001). Soot aerosols also known
paign we discuss seasonal variation of black carbon (BCas black carbon (BC) are produced when incomplete com-
concentration and aerosol optical depth. Also, using spectrabustion takes place. The major sources of soot aerosols are
information we estimate the fraction of fossil-fuel and non- diesel engines, forest fires and biomass burning. Absorption
fossil fuel contributions to absorption coefficient and contri- properties of soot particles depend highly on the combustion
butions of soot (Black Carbon), non-soot fine mode aerosoldemperature and other material (e.g. organic carbon) emit-
and coarse mode aerosols to AOD. ted during the combustion processes (Bond and Bergstrom,

BC concentration is found to be around 1000 nbhr- 2006). Black carbon measurements made over various In-
ing monsoon months (JJAS) and around 4000 Agdoring dian cities in the past is found to be quite high compare to
pre and post monsoon months. Non-fossil fuel sources consimilar size cities in other part of the world (Ganguly et al.,
tribute nearly 20% to absorption coefficient at 880 nm, which2006a, b; Latha and Badarinath, 2005; Babu and Moorthy,
increases to 40% during morning and evening hours. Aver2002). However, bulk of Indian population lives in villages.
age AOD is found to be 0.380.15, with high values in May Speculation has been made that most villagers though don't
and low in September. Soot contributes nearly 10% to theuse fossil fuel run vehicles extensively, use biomass as cook-
AOD. This information is further used to estimate the clearing fuel and time-to-time burn agricultural waste. This could
sky aerosol direct radiative forcing. Top of the atmospherebe a significant source of black carbon and comparable to
aerosol radiative forcing varies betweed to 0 W ni2, ex- vehicular and industrial emissions from big cities.
cept for April when the forcing is positive. Surface level ra-  From April to November 2008, we carried out black car-
diative forcing is betweer-10 to—20 Wm 2. The netradi-  bon observation using aethalometer and aerosol optical depth
ation absorbed within the atmosphere is in the range of 9 tgneasurement using skyradiometer at Gadanki campus of Na-
25 W 2, of which soot contributes about 80 to 90%. tional Atmospheric Research Laboratory as part of a “Study

_ . of Atmsopheric Forcing and Responses (SAFAR)” pilot cam-
Keywords. Atmospheric composition and  structure paign (Jayaraman et al., 2010). Gadanki (181579.2 E) is

(Aerosols and particles; Transmission and scattering of radiz 1 ral location in peninsular India, and hence this campaign

ation) — M()eteorology and atmospheric dynamics (Radiativeyaye the opportunity to look at the aerosol characteristics in
processes

rural area. In the section Site-description we provide details
of the surroundings and the meteorology of the observation
site. In the Methodology section we provide details related to

Correspondence td:. Gadhavi instruments and the algorithm used. In the Result section we
BY (harish@narl.res.in) discuss the seasonal and diurnal variation of black carbon,
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aerosol optical depth and single scattering albedo. We alsto September and northeasterly during October and Novem-
derived the contribution of fossil fuel derived BC to absorp- ber.

tion coefficient, as well as contributions of fine and coarse

mode aerosols and soot to AOD, which are discussed in the

result section. All the findings are summarized in the sum-3 Methodology

mary section. Black carbon measurements were carried out using seven

channels Aethalometer (model AE31, Magee Scientific,

USA; Hansen, 2005). Aethalometer uses quartz fiber filter
2  Site description tape through which air is passed for a fixed amount of time

(typically 5 min) with a selected constant flow rate (2 litre per
Observations were carried out at the campus of the Na/Minute in the present case). At the end of each measurement
tional Atmospheric Research Laboratory (NARL) Gadanki cycle changes in the filter transmission at seven wavelengths
(13.5% N, 79.2 E). Observation site is about 2 km north east (namely 370nm, 470nm, 520 nm, 590 nm, 660 nm, ,880, nm
from main residential area of the Gadanki village. Most vil- and 950 nm) are recorded. The change in transmission is re-

lagers use biofuel for cooking. Seasonally they also burn théated to black carbon concentration as shown in the following

agriculture waste in their farms. There is no major industrial €34ation.
activity around Gadanki, except a state highway connecting, ~_ 4(ATN) A 1)
Tirupati and Bangalore passes through it. The highway has ~~ ¢ Vv

relatively low traffic density. Observations were carried out where BC is black carbon concentration, ATN is the atten-
from the roof of a building located farthest in the north eastuation of light through filter papegy is the specific atten-
direction of the campus using an inlet pipe mounted verti-uation cross section #fgm), A is the spot areaV is the
cally, making a height of about 10 feet from the roof level volume of air passed through the filter. ATN andire wave-
and more than 30 feet from the ground level. Sky radiometellength dependent quantities. BC concentration calculated us-
is also placed on the roof of the same building. NARL oper-ing ATN at 880 nm channel with a value of 16.6 /gm
ates a diesel power generator as backup to support operatiofis considered standard for calculating BC concentration as
in case of disruption in main power supply line. If the gen- there is no other major aerosol species which exhibits ab-
erator is operated for a shorter period (less than one hour)sorption at this wavelength. In the present work, unless men-
aethalometer observations during that period plus next ongioned specifically, the reported BC concentration values are
hour are removed before calculating various statistics. If thefor the 880 nm channel. Calibration is provided by the sup-
generator is run more than that period, the whole day data iplier which reports an error less than 5% in the BC mass con-
removed from the analysis. Thus observation bias from locakentration values. However, factors such as shadowing effect
sources are avoided. (discussed in next paragraph) or ambient temperature varia-
Gadanki is a tropical warm location. Monthly mean tion can be different from that during the factory calibration
temperature during April 2008 was 29 with maximum  process and hence an increase or decrease in the reported er-
temperature reaching as high as°€l The monthly mean ror is possible for actual field measurement. Though error
temperature came down to 24@ during November 2008. in BC concentration at Gadanki could not be verified with
Monthly mean relative humidity (RH) was 60% during April, other independent measurements, total error should not be
which decreased to a value of 47.5% during May and in-exceeding 10% since proper care has been taken to maintain
creased continuously thereafter. During October and Novemstable temperature of the aethalometer. Also error by shad-
ber, mean RH was 77%. Unlike the northern and westerrowing effect is expected to be low as discussed in the next
India, where rain-fall largely occurs during summer mon- paragraph.
soon months (June—September) Gadanki region experiences Data from other channels of the Aethalometer were uti-
both summer (Southwest) and winter (Northeast) monsoondjzed to obtain the spectral aerosol absorption coefficient
and thus rain-fall was recorded during most of the months(AAC). The absorption coefficient of particle embedded in
in the campaign period, from April to November. During the filter paper can be derived directly from attenuation us-
May, June and August total rain-fall recorded was betweenng Eq. (2a),
41 mm and 55 mm. During July, September and October to- A
tal rain-fall recorded was between 100 mm and 126 mm. Thefatn =d(ATN)- (2a)
maximum rainfall of 308 mm was recorded in November.
Wind speed was low during April, around 1.21 m/s, which in- g, = _ Pan
creased to 2 m/s during May and June. July onward monthly C-R(ATN)
mean wind speed decreased gradually with the lowest valugvheregarn is the absorption coefficient of the soot particles
0.9m/s recorded in October. Overall wind direction was on filter paper an@, is the absorption coefficient of soot par-
southerly and southeasterly during April, westerly from May ticle suspended in ai€ is an empirical constant afR{ATN)

(2b)
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is an empirical function of ATN of the form shown in the 6 T ARARRARRN AARRRARAN AARRARAN AARAARAN
Eq. (3). Other symbols have same meaning as in Eq. (1). L Diesel Engine Smoke +—o—+
The soot particles embedded in the filter paper can cause ' Leaves Burning Q---evveeeveeeeees <

higher absorption compare to when they are suspended in air. N
This is because of multiple scattering within the filter matrix _ \
which increases the effective path length of the photon and £ 4l \ |
hence increases the absorption by soot particles. Howeveri '
as the number of soot particles increases on the filter paperS | !
they can reduce the scattering within the filter paper. Hence, g
the change in attenuation by a fixed amount of soot particles 3
will be less when filter paper is a highly loaded compare to <
when the filter paper is fresh. This effect, known as shad- 5
owing effect can be corrected as suggested by Weingartnerz
et al. (2003). Equations (2b) and (3) show the empirical cor-
rections for the shadowing effect. The constarnn Eg. (2b)
accounts for enhanced absorption of soot particles when they

are embedded in the filter paper. The valu€adepends on 0 Ll
the filter paper and apparatus. We have usé&d alue of 400 500 600 700 800 900 1000
2.14 following Weingartner et al. (2003). The terknis a Wavelength (nm)

correction for shadowing effect. It is a function of amount

of soot particles (accumulated attenuation) on the filter papeFig. 1. Normalized absorption coefficient for two cases, one when
and the single scattering albedo of aerosols deposited on thdiesel engine was running close to measurement site and another
filter paper. Scattering type aerosols when present on the filwhen leaf litter was burning. The values are normalized at 880 nm.
ter paper along with soot particles, can partly compensate for

reduction of scattering by the filter paper.

0 where AAC is the aerosol absorption coefficient arid the
R(ATN) = (1 _ 1> In(ATL\l)—In(lOOA)) 1 (3)  Wavelength. Bergstrom et al. (2002) have shown using the-
f In(50%) —In(10%) oretical consideration that values @f will be 1.0 for small

. . spherical particles having uniform refractive index. For the
Weingartner et al. (2003) suggest two methods to estirfiate P P g

. : . . most urban regions where BC from fossil fuel dominants,
one is using simultaneous measurements of scattering coeffj: is indeed found to be 1.0 (Bergstrom et al., 2007; Kirch-
cient and other is using two identical aethalometers run side i ’ '

bv-side. Both th thod i ble t i stetter et al., 2004; Schnaiter et al., 2005; Sandradewi et al.,

y-sl e.tho gn:jg ct) swerte no posil e'lotjpptytrl]n ‘t).ur2008a). In Fig. 1 measured absorption coefficient spectra
case asiherequired instruments were notavallable atin€ UM, o,y for observations made when a diesel engine was
of these observations. Instead we used statistical approach

}%nnin close to the measurement site and another instance
estimate the value of . We first estimate the frequency dis- 9

oo i hen leaf li i ki I he site. How-
tributions of 8 for fixed values of ATN and the peak values when leaf litter burning was taking place near the site. How

from each frequency distribution are used to gis a func ever, when particles are large (e.g. mineral dust) or organic
. ) " carbon (OC) particles are present along with black carbon,
tion of ATN. In this way, we foundf equal to 1.17. The (OC) part b gw

I £ £ indicates 894 inab i fricient or BC values ofa’ could be different. Values af’ for soot parti-
value off indica €s ¢v0 errorin absorption coetlicient or cles emitted from biomass burning are reported between 1.5
mass concentration that would arise from shadowing effect

and 3 (Bergstrom et al., 2004, 2007; Kirchstetter et al., 2004;

This might be representing upper end of the possible €ITOTcjarke et al., 2007). Dust particles also exhibit strong ab-

The actual error is expected to be less than this. Weingart-

. sorption in UV range. Values af’ for dust particles are
ner ?t al. (2003) have found equgl to 1'.12 fqr a typical car reported between 2 and 3 (Bergstrom et al., 2004, 2007; Fi-
parking garage and 1.02 over high alpine site. Gadanki be

alho et al., 2005; Sandradewi et al., 2008b). Sandradewi et

ing a rural location one may expect values ir.1 between 1.023|_ (2008b) have used’ to separate contribution of wood
and 1.12. We used shadowing effect correction to CalcuIateourning from fossil fuel burning and verified it using contri-

absorption coefficient but haven't applied correction to getbution estimated using radiocarbon technique. Their method

black carbon mass concentration. The BC mass concentrg... . power law relation shown in Eq. (4) and linear ad-

.tIOI’] IS d(_arlveq using mgthgd suggested t_)y the supplier WhIC"Hition of absorption coefficient of individual components as
is described in the beginning of the section. shown below

AAC is characterized by a power law equation of the form
shown in Eq. (4)

AAC (observed}= AAC (fossil fuel)+ AAC (biomass burning)
AAC ()= K27 @) (5)
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whereas for fine mode particles such as soot, sulphate, etc.
have values of alpha around 1.6 (d’Almeida, 1991; Hess et
i | al., 1998). The Eq. (6a) is also true for individual aerosol
6000 B species. Component AODs can be added linearly as shown
i | in Eq. (6b). Using this information one can write observed
AOD as following

8000

4000 - ]

T=pc- A% 4 AT f1pc (7)

Daily Mean Black Carbon ng/m”

2000 " 1 where subscript C denotes the coarse mode and F denotes

fine mode.zgc is the optical depth due to black carbon par-

‘ | ! ! ‘ ‘ ticles. We use surface measurements of BC concentration to
16APR 15MAY 15JUN  15JUL  15AUG  15SEP  150CT  15-NOV estimatergc assuming soot particles are well mixed within

the boundary layer up to a layer height of 2km. The soot

Fig. 2. Daily mean black carbon concentration observed overcomponent is subtracted from the total AOD and the remain-

Gadanki. Gray area indicates théd o standard deviation. ing is used to get the coarse and fine mode components of

AOD using values ofx — 0.04 and 1.58, respectively. We

Ability or accuracy to separate the contributing components(r;:,ac)k:I tv:v(\)/oafnsg(;nezuf?r?es.azzecggrtsl: ;hnadt :Eg g:::c();(z;sv?/ﬁilsr:si;s
to absorption coefficient depends on the differehtvalue y '

for different sources. There is a significant difference in ;nl?rf eDréoreE(rj(_):e, th:r: ;h; z?zgdﬁgalaﬁr :reégehtrﬁ fl)riee?hztr
o’ value for soot generated from fossil fuel and that gen- - Depending up " uhaarytay 'ght W

erated from biomass burning but the difference is small forit is higher or lower tha’.‘ the assumed. height, contributi(_)n
soot from biomass burning and mineral dust. Hence we re0f soot to total AOD will be underestimated or overesti-

strict our calculation for Gadanki for fossil fuel and biomass m'ated. In future Wh‘?” boundary layer height meaguremgnts
burning usingy’ values between 1.0 and 2.0. Biomass burn_ywll be available continuously, accuracy of the algorithm will
ing contribution estimated in this manner is not strictly the improve r_1everthele_ss _curr(_ant algorithm Serves a g_ood pulr-
biomass burning contribution rather non fossil fuel contribu- pose to give a qualitative picture of contribution of different

tion (biomass + mineral dust). However, in light of other an- aerosols.
cillary information such as observations of agricultural waste

burning, rainfall, etc. we believe that contribution of mineral 4 Resylts
dust in non-fossil fuel component will be insignificant.

Sky-radiometer (Prede Ltd., Japan) is used to estimat@aily mean values of black carbon concentration is shown
aerosol optical depth (AOD) and column averaged singlein Fig. 2. Gray area around the mean values-ate stan-
scattering albedo. Sky-radiometer measures direct sun lighlard deviation. During the first half of May, BC concen-
as well as sky radiance. In the present study we have utitration was high around 4000 ngTh and came down to
lized only sky radiance observations which were carried outaround 1000 ng m? from June to August. From second half
at10 mininterval. The algorithm to estimate single scatteringof the September to the last week of November, concentra-
albedo and other microphysical parameter is based on Nakajon went up and down twice, touching 4000 ng¥ragain
jima et al. (1996). Cloud screening is done based on variougjuring the first week of November. BC concentration ob-
threshold values and consistency check embedded in the aserved over Gadanki is however low compared to values re-
gorithm. Further cloud screening is done based on visuaported for few urban locations in India for same seasons.
inspection of data along with log-book entry for sky condi- For example, over Hyderabad, BC concentration was around
tion. 6000 ng nT3 during June to September in year 2004 (Latha

We developed an algorithm to separate contributions ofet al., 2005). Over Ahmedabad it was 13680 ngnr3
fine-mode, coarse mode and soot aerosol using spectral AORuring June to September (averaged from 2003 to 2005) and
as explained below. The spectral variation of aerosol optical7300+3700 ng m2 during October—November (Ganguly et
depth can be characterized by Eq. (6a) al., 2006b). Over Trivendrum, a coastal city, BC concentra-
=g (62) tion was between 1500 ngT and 3000 ng m® during June

to September for year 2000 and 2001 (Babu and Moorthy,
Taero= fo (6b)  2002). _Though there is Qiff_erence in m_agn_itu_de of BC con-

centration, seasonal variation pattern is similar to the ones
Traditionally 8 is known as the turbidity parameter asnds observed at other locations, with low values during mon-
known as the angstrom exponent. Valuexalepends on the soon months and high value during pre-monsoon and post-
size distribution of aerosols. Coarse mode particles such amonsoon months. Though the BC particles are not hygro-
mineral dust, sea-salt, etc., have values of alpha around zergcopic, rainfall can contribute to reduction of BC particles
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Diurnal Variation of Black Carbon Concentration August 2008
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Fig. 3. Monthly mean diurnal variation of black carbon concentra-

tion observed at Gadanki.
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Fig. 5. Spectral characteristics of absorbing aerosols during morn-
ing hours and afternoon hours.

rises sharply between 05:00 and 08:00 h, thereafter decreases
gradually till 14:00 h, rises again after 14:00h and attains
second peak around 20:00 h. Similar diurnal variation is ob-
served at over other locations e.g. Ahmedabad (Ganguly et
al., 2006b), Hyderabad (Latha and Badarinath, 2005; Latha

500 60 ] et al., 2005) and Trivendrum (Babu and Moorthy, 2002).
" Ganguly et al. (2006b) have found that the time of morning
0 ‘ — ‘ ‘ peak concentration correlates with sun-rise time and remains
0 5 10 15 20

within two hours after sun-rise. Ganguly et al. (2006b), Latha
and Badrinath (2005) and Babu and Moorthy (2002) have
explained morning hour peak as result of combination of
boundary layer dynamics and peak traffic hours. In Gadanki,
number of vehicles plying is very small and any diurnal vari-
ation resulting from peak hour traffic activity will be insignif-

for example by reducing chances of forest fires and big scaldcant. However being a rural place, morning and evening
waste burning. Also, condensation of secondary inorganid0urs, people burn wood and other biomass for cooking. The
aerosols on BC particle can make them hygroscopic andignature of biomass burning during morning and evening
get scavenged by precipitation. However, major contribut-holurs is seen in 'the spectral dependence of absorption coef-
ing factor is the boundary layer dynamics in controlling the ficient which is discussed next.
surface level concentration of BC and various other pollu-  One interesting feature observed is the diurnal variation in
tants. Ventilation coefficient, which is the product of bound- the absorption spectrum. This is noticed when we compared
ary layer height and mean wind speed is a measure of disthe mass calculated using UV channel (370nm) and stan-
persion ability. Low ventilation coefficient allows more pol- dard channel (880 nm). Figure 4 shows the monthly mean
lutants to accumulate and vice versa. Krishnan and Kunikrdiurnal variation of BC mass concentration calculated using
ishnan (2004) studied the seasonal and diurnal variation opecific attenuation cross-sections (Eq. 1) values 38/§m
ventilation coefficient at Gadanki using Lower Atmospheric and 16.6 rA/gm for 370 nm and 880 nm (Hansen, 2005). In
Wind Profiler (LAWP) data between March 1999 and April case of soot particles emitted from diesel engines, concentra-
2000 over Gadanki. They found that highest ventilation coef-tion calculated at two channels would be the same. However,
ficientis during the monsoon because of high boundary layein the present case, UV channel reporting higher concentra-
height coupled with high wind speed and it is lowest during tion indicate that the BC particles are emitted from sources
winter. The observed seasonal variation of BC at Gadanki issuch as biomass burning. In Fig. 5, average spectral AACs
consistent with seasonal variation of ventilation coefficient. are shown for morning and afternoon hours for the month of
Monthly mean diurnal variation in the observed BC con- August. Afternoon curve hasg value close to 1 while morn-
centration is shown in Fig. 3. The concentration valueing curve hasx’ value close to 2 indicating the prevalence

Hours

Fig. 4. Diurnal variation of BC concentration obtained using UV
channel (370 nm) and standard channel (880 nm data).
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Fig. 7. Fraction of fossil fuel contribution to absorption coefficient.

This limits the availability of AOD data. Between April and

of biomass burning during morning hours and its relative ab-November 2008 about 56 days of AOD data could be ob-
sence during noon hours. Figure 6 shows the observed diutained after cloud screening. Mean AOD at 500 nm over
nal variation ina’. Mean values are shown with solid line Gadanki was around 0.38.15 between April and Novem-
and shaded region i&lo standard deviation. Meaw val- ber. In Fig. 8, box-and-whisker plot for AOD at 500 nm is
ues are around 1.2, which increases to 1.4 around 09:00 khown. Median AOD was high around 0.58 in May and de-
and then gradually decreases until 15:00 h. Asitheharac-  creased to 0.2 during September and then onward started in-
terizes the chemical properties of soot and not the total conereasing again. These AOD values are typical for a rural re-
centration of soot particles, the observed diurnal variation isgion.
a clear indication of the dominance of different sources at Single scattering albedo, ratio of scattering coefficient
different time. Most rural household in India and in partic- to extinction (scattering + absorption) measured using the
ular around Gadanki employs biomass burning for cooking.skyradiometer (Nakajima et al., 1996) was low in the start
A typical day in villages starts and ends with cooking for of May around 0.92 (Fig. 9), indicating higher absorption by
the family. This increases the contribution of soot producedaerosols. The value gradually increased to 0.99 in Septem-
from biomass burning to the prevailing ambient level sootber, remained high for a while before started decreasing and
concentrations, which is captured well by the changes in thecame down to 0.93 by November. Spectral variation of ab-
o’ value. We estimate that of the total absorption CoeffiCient,sorption coefficient affects the spectral variation of single
about 80% is due to soot particles from fossil fuel burning, scattering albedo which in turn affects the radiative forc-
which however decreases to 60% during 08:00 to 10:00 h inng efficiency of aerosols. We carried out radiative forc-
the morning and 18:00to 20:00h in the late evening hoursing simulations for typical conditions prevailing at Gadanki
(Fig. 7). using radiative transfer model SBDART (Ricchiazzi et al.,

Aerosol Optical Depth (AOD) measurements are possi-1998). We used aerosols mass mixing ratio similar to conti-
ble only when significant portion of the sky is cloud free. nental polluted aerosol model (d’Almeida et al., 1991) for the

Ann. Geophys., 28, 10341, 2010 www.ann-geophys.net/28/103/2010/
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served AOD. Fine mode component represent all the fine aerosol

except soot. ?—‘ig. 11. Clear sky aerosol radiative forcing over Gadanki computed

using monthly mean AOD values.

simulations, i.e. 38% insoluble, 56% water soluble and 6%-|—Op of the atmosphere (TOA) clear sky radiative forcing is
soot particles. Scattering properties for this aerosol mode}, nd between-4 to 0, except for April, when it is positive
was calculated using the Optical Properties of Aerosols andy g\ -2 (Fig. 11). Surface radiative forcing is found to
Clouds (OPAC; Hess et al., 1996) software but absorption hetween-24 and—10 W m-2. The atmospheric radiative

properties of soot particle are replaced withequal to 1 ¢4cing which is the difference between the surface and TOA
(now onwards called case 1) and equal to 2 (NOW ON-  qrcing is between 9 and 25WTA. Low values for TOA
wards called case 2). While doing so we maintained thatforcing are due to brighter surface (vegetation type) over

absorption coefficient at 880 nm is same in both the casesgaganki. For similar magnitude of aerosol optical depth,
When soot particles are only 6% of total aerosol mass, SOONakajima et al. (2003) have found7.5Wn12 for TOA

particles originating from biomass burning decreases forc,nq —31 08 Wnt2 at surface level over Amami-Oshima
ing efficiency by 8% at top of the atmosphere and increase?28.15 N, 129.3E) in the east China sea region which re-
forcing efficiency at surface by 3%. For cases when absorb-sur[S in 23.58 W m2 absorption in the atmosphere. Though

ing aerosols have higher mass mixing ratio, the difference ing, o1 particle contributes around 10% of aerosol optical depth,
biomass and fossil fuel soot will become even more signifi-iheir forcing efficiency , which is the change in radiative forc-
cant. ing per unit change in AOD, is very high and hence they can
We have separated the contribution of fine-mode, coarseontribute significantly to the total aerosol radiative forcing.
mode and soot aerosol in AOD as explained in the previ-This is because AOD is a measure of potential to reduce in-
ous section. In Fig. 10, percentage of component AODs intensity of direct sun light whereas radiative forcing is a mea-
total AODs is shown. Soot contributes about 10% of to- sure of change in total (direct + diffuse) radiation. The radia-
tal AOD, whereas fine mode aerosols contribute more thanjon removed from the direct beam due to scattering becomes
50% for April, May, September, October and November. In available as diffuse radiation, whereas radiation absorbed is
the months of June, July and August, contribution of coarsecompletely removed. Soot particles are responsible for about
mode aerosols increases. During June to August surfacgo to 90% of absorption within the atmosphere contributing

wind speed was high compare to other months which cambout 8 to 17 W m2, with exception in April when soot con-
increase the coarse mineral dust concentration. However, esribution is around 23 W m2.

timated single scattering albedo from sun-photometer sug-

gest an increase in scattering type aerosols. Mineral dust

properties in models such as (OPAC) are based on Mie Sca  Summary

tering theory assuming spherical shape which can underesti-

mate the scattering efficiency by dust particles. Possibilities 1. In rural areas soot from biomass burning used for cook-
are also there that mineral dust aerosols can be coated with  ing contribute about 40% to aerosol absorption during
scattering type aerosols and hence have more scattering or  morning and late evening hours when the cooking ac-
sea-salt aerosol transported all the way from Indian Oceanto tivity is high.

Gadanki. In calculating radiative forcing we used sea-salt,

water soluble and soot aerosols of OPAC to represent coarse-2. Spectral dependence of absorption coefficient is dif-
mode, fine mode and black carbon aerosol optical depths.  ferent for soot coming from fossil fuel burning and
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biomass burning, the later has higher absorption atFialho, P., Hansen, A., and Honrath, R.: Absorption coeffi-
lower wavelengths. cients by aerosols in remote areas: a new approach to decou-
ple dust and black carbon absorption coefficients using seven-
3. Variations in the spectral dependence of aerosol absorp- wavelength Aethalometer data, J. Aerosol Sci., 36, 267-282,
tion coefficient affect the aerosol radiative forcing of the  doi:10.1016/j.jaerosci.2004.09.004, 2005.
atmosphere. Model radiative forcing calculations using Ganguly, D., Jayaraman, A., Rajesh, T. A., and Gadhavi, H.:
6% soot in the total aerosol mass concentration but with Wintertime aerosol properties during foggy and nonfoggy days
varying spectral dependenag €1 for fossil fuel burn- over “rz‘f’“l_ cefnter_ DeIJhuGand htheerImplggggnilzorDiEq}
ing aerosols and:/’=2 for biomass burning aerosols) ~ Wave radiaivé forcing, .. \>€ophys. Res., L ,
show that biomass burning aerosols can decrease ther doi:10.1029/2005JD007029, 2006a.

. . %_anguly, D., Jayaraman, A., and Gadhavi, H.: Physical and op-
diative forcing by about 8% at top of the atmosphere. tical properties of aerosols over an urban location in western

For higher mass ratio of absorbing aerosols this differ- |,qja: Seasonal variabilities, J. Geophys. Res., 111, D24206,

ence will increase further. doi:10.1029/2006JD007392, 2006b.
. . . Hansen, A. D. A.: The Aethalometer — User Manual, Magee Scien-
4. Mean aerosol optical depth is 0:86.15, of which tific Company, California USA., version 2005.07, 2005.
about 10% is due to soot. Hess, M., Koepke, P., and Schult, I.: Optical Properties of Aerosols

. . and Clouds: The Software Package OPAC., B. Am. Meteorol.
5. Fine mode aerosols other than soot contributes nearly Soc., 79, 831-844, 1998.
50% during pre and post monsoon months, whereas durjacobson, M. Z.: Strong radiative heating due to the mixing state
ing monsoon months coarse mode aerosols contributes of black carbon in atmospheric aerosols, Nature, 409, 695-697,
50% to 75%. doi:10.1038/35055518, 2001.
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