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Abstract. The present study deals with the impact of (CO,), carbon monoxide (CO), methane (@Hvolatile or-
agriculture crop residue burning on aerosol properties durganic compounds (VOC), nitrogen oxides and halogen com-
ing October 2006 and 2007 over Punjab State, India usingpounds (Guyon et al., 2005; Andreae and Merlet, 2001). The
ground based measurements and multi-satellite data. Spegreenhouse gases @@nd CH, directly influence the global
tral aerosol optical depth (AOD) anélngstrbm exponent  warming, while changes in oxidizing capacity to CO vari-
(«) values exhibited larger day to day variation during crop ability could perturb the growth rates of greenhouse gases.
residue burning period. The monthly meAngstm ex- Recent study by Gustafsson et al. (2009) highlighted that
ponent ‘@” and turbidity parameterg” values during Octo-  biomass burning is one of the main causes for dense “brown
ber 2007 were 1.3#0.31 and 0.36:0.21, respectively. The clouds” in South Asia and 50-90% of the South Asian BC
higher values of&” and “B” suggest turbid atmospheric con- originates from fossil fuel combustion (Stone et al., 2007;
ditions with increase in fine mode aerosols over the regionMenon et al., 2002). Smoke particles from biomass burn-
during crop residue burning period. AURA-OMI derived ing have direct radiative impact by scattering and absorbing
Aerosol Index (Al) and Nitrogen dioxide (N showed shortwave radiation and indirect radiative impact by serving
higher values over the study region during October 2007as cloud-condensation nuclei (CCN) and changing the cloud
compared to October 2006 suggesting enhanced atmospheniicrophysical and optical properties (Cattani et al., 2005).
pollution associated with agriculture crop residue burning.  Agricultural crop residues are burnt during the months of
Keywords. Atmospheric composition and  structure Octobergnd Nove_mb_e_r each year in the Indo-Gangetic Plai_ns
(Aerosols and particles; Pollution — urban and regional) ~ (IGP) which has significant impact on greenhouse gas emis-
sions and aerosol loading (Badarinath et al., 2009). The IGP
is a very important agro-ecoregion in South-Asia, which oc-
cupies nearly one-fifth of the total geographic area in four
countries (Pakistan, India, Nepal and Bangladesh). The IGP
in India covers 20% geographical area and contribt#423%
the total food grains production and holds near§0%
the total population (Tripathi et al., 2005). In the IGP

region of India,~12 million hectares is accounted for rice-
\e/heat crop rotation and harvesting of these crops with com-
blne harvesters is very popular with the farmers of Punjab,

aryana and western Uttar Pradesh (Badarinath et al., 2009).

hese combine harvesting techniques in rice-wheat system

1 Introduction

Biomass burning is one of the significant global source of
atmospheric aerosols and trace gas emissions, which have
major impact on climate and human health (Vander werf et®
al., 2006; Kharol and Badarinath, 2006; Pandey et al., 2005).
In urban areas, carbonaceous aerosols associated with veh
ular combustion are major sources of pollution and radia-
tive effect of carbonaceous aerosols constitutes one of th

largest uncertainities in climate modeling (Andreae et al.,
g g ( 'leaves behind large quantities of straw in the field. The crop

2005; Ramanathan et al., 2007). In addition to aerosol par-
) . P esidues are subjected to open burning on account of high la-

ticles, biomass burning due to forest fires and crop reslduéb .
burning are considered a major source of carbon dioxide or wages and anxiety of the farmers to get the crop produce
collected and marketed at the earliest.

_ Punjab state straddles India’s border with Pakistan and is
Correspondence tdK. V. S. Badarinath  often referred to as the country’s “bread basket” because
BY (badrinathkvs@nrsc.gov.in) it produces two-thirds of the country’s food grains. A
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vast cloud of smoke engulfs the Punjab state, India, duringcoarse-mode particles (Schuster et al., 2006), can be obtained
October—November, as farmers burn the stubble of freshiyby fitting theAngstom's formula Angstom, 1964):

harvested rice. The open burning results in perturbations to

the regional atmospheric chemistry due to emissions of tracéODs. =A™ @)
gases like CQ, CO, CHy, N2O, NOy, NMHCs and aerosols . . wpon

whi(_:h is also a health hazard to local inhabitants (Wang an hr;e'ar\i ;\S?I?mlz fj:g:;?é? i&?ri[;i:;:,hmgxeémﬁ fog at
Christopher, 2003). The size of the crop area also make§t:1 um, and &” is the Angsttt")m exponent. Thé\ngstrbm

stubble burning a serious problem as more than 17 miIIionformula is a special case of a more complicated equation

tones of rice stubble is burnt each year. . . valid for a limited range of particle diameters and a lim-
In the present study, we have examined the lnfluenqqted interval of wavelengths. The validity of this theory pre-

of rice crop stubble burning practices on the atmosphericy nn,qes that the Junge power law is valid for the particle-
aerosol properties using ground based measurements andyj,q range, where significant extinction takes place and

satellite dataset during October 2006 and 2007 over the Pgp 5t the spectral variation of the refractive index does not
tiala city, Punjab state, India. The area around Patiala Cityjy,qqe significant variations on the Mie extinction factor

Punjab State, India is predominantly rural, with farmers cul- (i aqkaoutis et al., 2006). Taking the logarithms of both sides
tivating wheat, rice and other crops. Crop stubble burning in . Eq. (1) obtains:

open fields in and around the city is a major pollution source
during October-November each year (Mittal et al., 2009).  InAOD) = —«aInA+Inp 2

The Angstrt')m exponent itself varies with wavelength. A
2 Study area more precise empirical relationship between aerosol extinc-
tion and wavelength is obtained with a second-order poly-
Patiala city, Punjab State, India is located at°@&#E, nomial approximation (Pedros et al., 2003; Kaskaoutis and
30°19 N, 249 m a.s.l.), centre of the agrarian region of north- Kambezidis, 2006):
west India, close to Shivalik Hills in the east and Thar Desert
in the southwest. The Punjab State suffers from severe fog""\OD> =az(In3)* +a1lni+a, ©)

haze and smog during winter period due to anthropogeniGyhere the coefficientd,” accounts for a curvature often ob-
activities and low temperatures (Mittal et al., 2009). The cli- served in sun photometry measurements. This curvature can
mate of the city is very hot in the summer and very cold in he an indicator of the aerosol-particle size, with negative
the winter. The region is generally dry and hot with maxi- ¢yrvature indicating aerosol-size distributions dominated by
mum temperature of 43°C during May. The monsoon sea-  fine-mode and positive curvature indicating size distributions
son lasts for three months with an annual rainfall of 688 mm.yiip, significant contribution by the coarse-mode aerosols
January is the coldest month with mean monthly mi”imum(Schuster et al., 2006). In this study™was computed in
temperature of 2.9C. the wavelength interval 380-850 nm, using the Eq. (2). The
linear fit to the logarithmic function of Eq. (2) is the most
precise method, although the results may also depend on the
3 Datasets and methodology spectral interval considered (Pedros et al., 2003; Kaskaoutis
and Kambezidis, 2008). The second-order polynomial fit
(Eq. 3) was also applied to the AOD values at five wave-

i . , lengths (380, 450, 500, 650 and 850 nm). Although the poly-
Multi-Wavelength Radiometer (MWR) designed and devel- o niq) it to Eq. (3) is more precise than the linear fit to

oped by the Space Physics Laboratory (SPL), Thiruvananthag, -2y |arge errors can appear especially under low turbid-

puram operated for continuous and concurrent measuremenis, «,ngitions. To limit these errors only the cases where the

of AOD at Patiala city of Punjab state, India. MWR takes ¢a.ond-order polynomial fit was associated with> 0.95

measurements of the spectral extinction of ground reachyare considered.

ing solar flux as a function of the solar zenith angle at ten

Wavelengths, centered at 380, 400, 450, 500, 600, 650, 75%2 MODIS Aerosol Opt|ca| Depth (AOD)

850, 935 and 1025 nm and having FWHM ranging from 6

to 10nm. The detailed description about the instrument hagoderate Resolution Imaging Spectroradiometer (MODIS)

been published elsewhere (Moorthy et al., 1999; Gogoi et al.acquires daily global data in 36 spectral bands from visible

2008). to thermal infrared (29 spectral bands with 1-km, 5 spec-
The spectral dependence of the AOD was used to comtral bands with 500-m, and 2 spectral bands with 250-m,

pute the,&ngstrbm’s exponent &”. A spectrally-averaged nadir pixel dimensions). The MODIS sensor is onboard the

value of this exponent, which contains information about thepolar orbiting NASA-EOS Terra and Aqua spacecrafts with

size of the particles or the volume fraction of the fine versusequator crossing times of 10:30 and 13:30 Local Solar Time

3.1 Multi Wavelength Radiometer (MWR)
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(LST), respectively (Levy et al., 2007). Aerosol retrievals lution of 0.5 nm (Celarier et al., 2008). Detailed descriptions
from MODIS data are performed over land and ocean sur-of the algorithm for the standard OMI NQlata product are
faces by means of two separate algorithms described in litergiven in Boersma et al., 2002; Bucsela et al., 2006;Celarier
ature (Kaufman and Tanre, 1998). The aerosol properties aret al., 2008.

derived by the inversion of the MODIS-observed reflectance

using pre-computed radiative transfer look-up tables based.5 CALIPSO

on aerosol models (Remer et al., 2005; Levy et al., 2007). ) ) ]
The initial versions of the MODIS algorithms have been un- The CIou_d-AerosoI Lidar and_ Infrared_ Pqthfmder Satellite
der continued development, and have recently received afPPservation (CALIPSO) provide new insight into the role
improved aerosol determination, via processing to Collec-Of clouds and atmospheric aerosols (airborne particles) in
tion 5 (CO05) (Levy et al., 2007). The data used in this regulating Earth’s cllmate anq air quallty.. CIoudSat is a
study include Terra MODIS aerosol products, calculated us part of the A-train series satellite _constellatlon that includes
ing separate algorithms over land and ocean to obtain AOD af\du@, Aura, and PARASOL satellites. CALIPSO has 8-98
550 nm (AODs0) and the proportion of AOBso contributed !ncllngtlon orbit and flies at an gltltut_je pf 7_05 km provid-
to the fine-mode aerosols (determined as fine-mode fractioind daily global maps of the vertical distribution of aerosols
FM); such estimations are only made over cloud-free regionnd clouds. CALIPSO was launched on 28 April 2006. The
(Remer et al., 2005). The C005 Level 3 (spatial r(__,SmutionCALlPSO_payload consists of three mstr_uments: the Cloud-
1° x 1°) MODIS products were obtained from LADSWEB Aerosol Lidar with Orthogonal Polarization (CALIOP), an

website hittp:/ladsweb.nascom.nasa.gov/ Imaging Irjfrareq Ragiometer (lIR), and a moderate spa-
tial resolution Wide Field-of-view Camera (WFC). CALIOP
3.3 OMI Aerosol Index provides profiles of backscatter at 532 and 1064 nm, as well

as two orthogonal (parallel and perpendicular) polarization
Aerosol Index (Al) values from the Ozone Monitoring In- components at 532nm. A detailed discussion of CALIOP
strument (OMI) onboard the Finnish-Dutch AURA satellite data products has been described elsewhere (Powell et al.,
are used. The Al, as defined in Eq. (4) below, is the resid-2009).
ual between the measured radiance and the calculated one
using the Lambert Equivalent Reflectivity (LER) assump- 3.6 MOPITT CO

tion. Assuming a Rayleigh scattering atmosphere above a .
Lambertian surface, the Lambert Equivalent Reflectivity is CO data from Measurements of Pollution in the Troposphere

defined as the value of the Lambertian spectral albedo fofnStrument (MOPITT) were analysed to assess the CO varia-

which the modeled and measured top of atmosphere (TOAfionS coinciding with crop residue burning period. MOPITT
reflectance are equal. The LER in the multi-wavelength al-1s a thermal nadir-viewing gas-correlation radiometer, which

gorithm was determined using the radiative transfer codddrovides view of CO emissions with a horizontal resolution
Doubling-Adding KNMI (DAK) (Curier et al., 2008). of 22 km (Liu et al., 2005). MOPITT retrievals provide av-
erage CO values separately resolved in two relatively broad

Ih 111 (ALery,) layers of the atmosphere; in the lower troposphere from
Al = _100'09{ [E]meaj +100log Tr2(ALerey) (4)  about 700-500 hPa, and in the upper troposphere from about
2/ Jcale 300-200 hPa (Deeter et al., 2004). Details on measurement
ALER is the wavelength-dependent surface Lambert Equiva-and retrieval techniques from MOPITT have been described
lent albedo. The UV aerosol index at 388 nm is calculated uselsewhere (Deeter et al., 2004). We use version 3 of level 2
ing the following wavelengths1=342.5 nm and.»=388nm.  total column CO data available at the NASHttp://eosweb.
Aerosol index (Al) is sensitive to elevated absorbing layerslarc.nasa.gov/PRODOCS/mopitt/tabteopitt.htm) Langley
such as dust and biomass burning aerosols (de Graaf et aDistributed Active Archive Center. The version 3 of level 2
2005). total column CO data files contains the total column abun-

dance and the profiles of CO at 7 heights.
3.4 OMI tropospheric NO;

3.7 MODIS active fire locations
OMI/AURA NO;, total and tropospheric column L2 (V0O0)

global product from GES-DISChftp:/gdatal.sci.gsfc.nasa. Fire observations are performed four times a day from the
gov/daac-bin/G3/gui.cgi?instantgd=omil2g) at 0.25 deg Terra (10:30 and 22:30) and Aqua (13:30 and 01:30) plat-
spatial resolution were used in the study. The Atmospheridorms. MODIS Fire detection is performed using a contex-
NO, column densities use the Differential Optical Absorp- tual algorithm (Giglio et al., 2003) that exploits the strong
tion Spectroscopy (DOAS) technique (Platt, 1994) and areemission of mid-infrared radiation from fires. The algo-
retrieved using spectral measurements of the solar irradirithm uses brightness temperatures derived from the MODIS
ance and earth shine radiance in the wavelength region 4154 and 11 pum channels. The description of MODIS fire
465 nm using the instrument’s VIS detector at a spectral resoproducts retrieval has been provided elsewhere (Giglio et

www.ann-geophys.net/28/367/2010/ Ann. Geophys., 28, 3632010
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Fig. 1. Synoptic wind patterns at 925 hPa level over Indian region for the period of October 2006 and 2007.

al., 2003). We used MODIS active fire location compos- b) reported the long range transport of aerosols/trace gases
ited for the period of October 2006 and 2007 from Russiafrom agriculture crop residue burning regions to urban re-
web fire maps Kttp://maps.geog.umd.edu/activeftraml/). gion of Hyderabad and Arabian Sea (AS). Earlier studies
The mean composite wind vector at 925-hpa level over thecarried out by Deshpande and Kamra (2002) suggested long
Indian region was obtained from NCEP/NCAR reanalysis range transport of aerosols from the northern Indian subcon-
website hOttp://www.cdc.noaa.gov/cgi-bin/data/composites/ tinent and South Asian region to the pristine oceanic atmo-
printpage.pl. Air mass back trajectories ending at the Patiala sphere of the Southern Hemisphere by northeasterly winds
city at three altitudes (500 m, 1500 m and 3000 m a.s.l.) wereof the Asian winter monsoon. Figure 2 shows the NOAA-
calculated using the NOAA-HYSPLIT (National Oceanic HYSPLIT derived five-day back trajectories ending at Pa-
and Atmospheric Administration Hybrid Single- Particle La- tiala at three altitudes (500, 1500 and 3000 m) on each day at
grangian Integrated Trajectory) model (version 4) which in- 00:00 UTC during October 2006 and 2007. The north/north
cludes vertical wind. This model was developed at the Airwesterly winds were prominent over the region during the
Resources Laboratory, National Oceanic and Atmosphericstudy period at three altitudes attributed to the biomass burn-
Administration, USA (Draxler and Rolph, 2003). ing aerosols transport over the region. The variations in daily
average temperature, relative humidity (RH) and wind speed
during October 2006 and October 2007 over Patiala city is
shown in Fig. 3a—b. Air temperature was varying between
21.6°C-30.£°C and 23.3C-28.2°C during October 2006
and 2007, respectively (Fig. 3a). Relative humidity was rang-
ing between 54.4%—-70.6% and 45.8%—73.6% during Octo-
The wind vectors at 925 hPa from NCEP were analysed tdoer 2006 and 2007 (Fig. 3b).

characterize the dispersion of aerosols in the study region

during the study period. Figure 1 shows the average wind4.2 Aerosol properties over Patiala

speed and direction at 925hPa over Indian region during

October 2006 and 2007. A persistent north-westerly flowAerosol optical depth (AOD) measurements were carried out
for October 2006 and northerly flow for October 2007 with using Multi Wavelength Radiometer (MWR) (Moorthy et al.,
high intensities in the northern part of India (Ganges valley)1999; Gogoi et al., 2008; Pillai and Murthy, 2004; Vinoj
can be seen from the Fig. 1. The wind field confirms con-et al., 2004). Figure 4a—c shows the comparative day-to-
tinental aerosols outflow over Arabian Sea (AS) during theday variability of AODsqo, Angstrbm Exponent &” and tur-
study period. Recent studies by Badarinath et al. (2009abidity parameter B” during October for the years of 2006

4 Results and discussion

4.1 Meteorological conditions

Ann. Geophys., 28, 368%9 2010 www.ann-geophys.net/28/367/2010/
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Fig. 2. NOAA-HYSPLIT five-day wind back trajectories ending at
Patiala during 6 October and 7 October at 500 (red), 1500 (blue)
and 4000 m (green).

Fig. 3. Day-to-day variation ofa) average temperature aflg) Rel-
ative humidity (RH) during October 2006 and 2007.
and 2007. Day-to-day increase in Agdg values was ob-

served during October 2006 and 2007 suggesting additional

loading of aerosols over the region associated with agricul- i

ture crop residue burning practices (Fig. 13). The monthlyP€r 2007 compared to October 2006 (G8215) suggesting
mean AOD exhibited larger values during October 2007 more turbid atmospheric conditions and increase in accumu-

(~0.97+0.56) compared to October 2006 (07B45) sug- lation mode aerosols particles over the region during October
gesting a~21% increase in aerosols loading over the re-2007 (Badarinath etal., 2009). TAegstidm parametera()

gion. TheAngstibm exponents were derived from the AOD @nd turbidity coefficient ) showed 18% and 10% increase
values using the least-squares method covering the spectr§fSPectively during October 2007 and were attributed to agri-
range 380-850 nm (Das et al., 2008). The abundance of aculture crop residue burning activities over the region.
cumulation (0.1 preradius<1.0 um) mode particles as re-  Figure 5a—b shows the scatter plot of the coefficient
flected in high values of théngstrbm exponent &” with (curvature in the polynomial fit) against A@py during Oc-

a simultaneous increase in the turbidity paramefErcan tober 2006 and 2007. The correlation between” “and

be noticed during October 2007 compared to October 2006A0ODsgg provides information on the atmospheric condition
(Fig. 4b, c). The monthly mearnx” values during Octo- under which &” is independent from wavelength. The data
ber 2007 (1.3%0.31) were observed to be high compared lying on or near the:; = 0 line corresponds to bimodal log-
to October 2006 (1.100.26). Similarly, monthly meang” normal aerosol size distribution without curvature, negative
values also showed higher values (Gk8621) during Octo-  a» values corresponds to fine mode aerosols and positive

www.ann-geophys.net/28/367/2010/ Ann. Geophys., 28, 3632010
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0.6 T
- values mainly indicates presence of coarse mode aerosol par-
ticles (Kaskaoutis et al., 2007; Schuster et al., 2006). During
0.4 ° October 2007 i»” exhibits negative values suggesting abun-
] .D<\./.\.< dance of accumulation mode aerosol particles over the re-
o\o/'foé{J'o N gion (Fig. 5a—b). However, during October 2006, majority
024 %o of ap values were negative, but few positive values and near
zero values occurred, suggesting presence of coarse mode
0.0 aerosol particles along with accumulation mode aerosol par-
. L L L H H
5 10 15 ticles over the region.
Date 4.3 Satellite observations on emission from agriculture

Fig. 4. Day-to-day variation of(a) MWR measured AOByp,
(b) Angstidbm Exponentd) and (c) Turbidity parameterf) dur-

ing October 2006 and 2007.

Ann. Geophys., 28, 36379, 2010

crop residue burning

MODIS images have been extensively used for monitoring of
forest fires, dust outbreaks, severe storms, cyclones, volca-
noes etc over the globe (Kaskaoutis et al., 2008; Badarinath

www.ann-geophys.net/28/367/2010/



Anu Rani Sharma et al.: Impact of agriculture crop residue burning on atmospheric aerosol loading 373

] | —®— October - 06
1.64 | —o— October - 07

i
Ll

o

I
\
@

. Firés due to agriculture crop :
- residue burning over Punjab, India qu]\i

\

Terra - MODIS AODW,
o —
o] o
1 1
.\.
T
/O

@

\o

—

P

061 / N 7 S e
| o /° o ° oy \ °
0.4 e /.\\. ° oo o-® \ e o
21 0 2- ¢ 0°%0-0.5.0 oo 0/ } ®e o/O
18-Oct- 06 = °
0.0 +-r—r—+—1—r—"+r—r-r———r———r—r—r
5 10 15 20 25 30
(b) TERRA MODIS .
Date
Smoke Plume . . .
: Fig. 7. Day-to-day variation of Terra MODIS AO£)q during Oc-
\ tober 2006 and 2007.
1.6 [}
R’ =0.86
1.4
a 124
o |
< 104
72}
Fires due to agriculture crop E A
residue burning over Punjab, India 22-Oct- 07 @) 0.8
= 064
é ] e
Fig. 6. Terra MODIS true color composite of study area showing 4 0'4’_ ° V‘ )
smoke due to crop residue burning and fires in red color on 18 Oc- E 0.2 A *,o.’ @
tober 2006 and 22 October 2007. o e
0.0 | T T T T T T T T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6

etal., 2008, 2009c; Rothery, et al., 2005). Figure 6a—b shows MWR - AOD

the Terra MODIS true color composite images on 18 October 300

2006 and 22 'October 2007 over Punjab state, Ind.ia. At thq:ig_ 8. Scatter plot of MODIS AORsg vs. MWR measured

base of the Himalaya mountain in northwestern India, a IargeAODSOO over Patiala city, Punjab state, India.

and intense smoke plume extending over the Indo Gangetic

Plains (IGP) and Punjab with active fires marked with red

dots can be clearly seen in Fig. 6a—b associated with agrisuch as mineral dust, volcanic ash, and black carbon from

culture crop residue burning (Badarinath et al., 2006; Mit- fossil-fuel combustion sources and biomass burning (Badar-

tal et al., 2009). Figure 7 shows the daily variation of Terrajnath et al., 2007). The UV surface reflectivity is typically

MODIS AODsso during October 2006 and 2007. The day-to- Jow and nearly constant over both land and sea, which al-

day variation of Terra MODIS AOE}o also shows the higher  jows OMI to detect aerosols over both land and ocean. Ex-

values similar to MWR AOIgoo (Fig. 4a) variations over the  tensive analysis of the seasonal and interannual variabil-

region during October 2006 and 2007. The linear regresity of TOMS-AI values has been carried out over India by

sion analysis between ground based MWR measurements glabib et al. (2006). The spatial distribution of OMI de-

AODsgp and Terra MODIS AOIgso during October 2007 ex-  rived monthly mean Aerosol Index during October 2006 and

hibited good correlation 0f-0.86 (Fig. 8). 2007 are shown in the Fig. 9a—b. The typical Al values
In addition, AURA-OMI Aerosol Index (Al) was also during October 2006 over the region were in the range of

analysed over the region during the study period. Aerosol~1-1.4, while for October 2007, it varied betweer to

Index (Al) is sensitive to a range of UV-absorbing aerosols~2. The high OMI Al suggested increased concentration
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Fig. 9. Spatial variation of OMI-Al over Punjab state during October 2006 and 2007.
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Fig. 10. Spatial variation of OMI-NG over Punjab state, India during October 2006 and 2007.

of absorbing aerosols in the atmosphere from crop residu®©ctober 2007 compared to October 2006 may be related with
burning over the study region. Figure 10a—b shows the OMIthe intensity of the fires due to agriculture crop residue burn-
derived monthly mean tropospheric columnar N@uring ing and the larger AODy andpg values.

October 2006 and 2007 over Punjab state with Patiala city Satellite remote sensing provides an opportunity of mak-
location marked on the figure. Figure 10 suggests relativelying global measurements of tropospheric trace gases and
higher values of N@in the range of minimum-4 to a max-  aerosols over extended periods of time (Edwards et al., 2004;
imum of ~9 (10'° molec cnT?) during October 2007, com- Andreae and Merlet, 2001). Figure 11a—b shows the monthly
pared to October 2006. The higher bi©oncentration in  mean distribution of daytime total columnar CO abundance
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Fig. 11. Spatial variation of MOPITT CO over Punjab state during October 2006 and 2007.
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Fig. 12. Calipso derived vertical feature mask image showing high aerosol loading over central region of India on 25 October 2007.

at 850 hPa measured by MOPITT during October 2006 andhe coordinates of the overpass (latitude above and longi-
2007 over Punjab state, India. MOPITT observed high levelsude below) are also given. The daytime pass of CALIPSO
of carbon monoxide (red and golden yellow pixels) over thewas at 08:08 to 08:21 UTC mainly covering parts of the Pun-
study region during October 2007 associated with agricul-jab, Haryana, Rajasthan, Madhya Pradesh, Andhra Pradesh
ture crop residue burning. Figure 12 shows the CALIPSO-and Tamil Nadu states. The CALIPSO derived vertical fea-
derived vertical feature mask image covering the central parture mask image suggested vertically extended aerosol layer
of India on 25 October 2007. In the lower part of Fig. 12 (~3Km) over central Indian region on 25 October 20007
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2007 showing increased occurrence of fires during October 2007.

4.4 Aerosol radiative forcing

associated with agriculture crop residue burning activities

over the region. Figure 13 shows the MODIS active fire lo- The knowledge of aerosol loading is important as it can in-
cations composite over Indian subcontinent during Octobeifluence the weather patterns by perturbing the radiation bud-
2006 and 2007. Higher incidence of fires occurred over theget over any region. The radiative forcing from biomass
IGP region during 2007, mainly in the Punjab and Haryanaburning aerosols has been a subject of scientific research
state followed by Utter Pradesh, Madhya Pradesh and Mahaat regional and global scale. In the present study, we have
rashtra (Fig. 13). These fire practices are mainly attributed tg!sed aerosol optical depth (AOD) data measured using MWR
agricultural crop residue burning associated with rice-wheat(G0goi et al., 2008) as input to Optical Properties of Aerosol

crop rotation system over the IGP region (Badarinath et al.and Clouds (OPAC) model to calculate single scattering
2006). albedo ) and asymmetry factor values. The radiative trans-

fer calculations were made using the Santa Barbara Dis-
crete Ordinate Radiative Transfer (SBDART) (Ricchiazzi et
al., 1998) algorithm. This hybrid approach has been used
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successfully to estimate the aerosol radiative forcing (Badar-  to October 2006 and were attributed to agriculture crop
inath et al., 2009). The calculations were performed sep- residue burning over the region.
arately with and without aerosols for shortwave spectrum
(0.2-4.0um) and the clear sky radiative forcing was deter-
mined over the study site. Figure 14 shows shortwave (SW) ) .
direct radiative forcing at the surface (SRF), TOA and atmo-  ¢a@ntincrease during October 2007 compared to October
sphere over study site during (a) 18 (turbid day) and 23 (clear 2006 coinciding with ground observations of aerosol
day) October 2006 and (b) 3 (clear day) and 31 (turbid day) ~ Parameters.
October 2007. Considerable reduct|20n in surface reaching _ \jodel estimates on aerosol shortwave radiative forcing
shortwave radiation i.ex —21754_1W m~< during 18 October suggested increased atmospheric absorption of radiation
2006 and~ —2121Wm™= during 31 October 2007 were during crop residue burning period over the region.
observed during biomass burning period at the study site.
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