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In the present study, size-segregated aerosol samples (in five size ranges) were collected from Patiala (30.33°N, 76.40°E;
250mamdl), located in the northwestern Indo-Gangetic Plain (1GP) during October 2012 to September 2013 to quantify the
contribution of biomass burning (BB) to ambient organic carbon (OC) in fine aerosol. All of these samples were analyzed
for major inorganic ions, whereas, particul ate matter smaller than 1 um aerodynamic diameter (PM ) were a so analyzed for
carbonaceous aerosol (OC, elementa carbon (EC), and water-soluble organic carbon (WSOC)). The contribution of BB

derived potassium (Kj;) to ambient fine K* isfound to be dominant (77+24%) over an annual cycle. Further, regression

parameters of OC and K3y linear relationships are used to quantify the contribution of BB to ambient OC in PM,. The

contribution of BB derived OC (OCy;) to fine OC wassignificantly higher during autumn (69%), winter (54%) and summer
(40%) seasons in comparison to that during spring (26%) and wet (2%) seasons with the annual average of 41+30%.
Emissionsfrom agricultura -waste burning during autumn and summer, and from bio-fuel (Babool, Cowdung cake, Eucalyptus,
Jujube and Shisham) burning during winter arethe major sources of ambient OC over the study region. The contribution of
BB derived water-soluble organic carbon (WSOCy;,) to fine WSOC exhibited similar seasonal variation asthat of OCg to
fine OC. It was 75%, 55%, 14%, 44% and 5% during autumn, winter, spring, summer and wet seasons respectively, with
theannua average of 43+32%. Theseresults haveimplication in climate modelling, health impact assessment and planning

effective mitigation strategies.
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Introduction

Biomass burning (BB) isamong the major sources of
atmospheric pollution with direct short- and long-term
climate implications over many regions of theworld
(Kaskaoutiset al., 2014 and referencestherein). It is
important to quantify BB contribution to aerosol
loading over different geographical regions. On the
global scale, forest fires and crop-residue burning
account for nearly ~90% of the total wild land fires
(Barnaba et al., 2011). In Asia, the emissions from
forest fire and crop-residue burning are big
contributors (~45% and ~34%) to the total BB
emissions (Streets et al., 2003). India is the second
highest crop-residue burning (=84 Tgyr) country in
Asia(Streetset al., 2003), and crop-residue burning

* Author for Correspondence: E-mail: atinderastro@gmail.com

in northern India[northwestern Indo-Gangetic Plain
(IGP)] contributes nearly ~20% to the total global
emission budget of carbonaceous aerosol (Rajput et
al., 2014a). However, therole of BB inthemitigation
policies is often overlooked due to lack of reliable
data on their source strength. Several studies over
the IGP suggest that BB is the largest source of
carbonaceous aerosol (Rengargjan et al., 2007; Ram
et al., 2012; Rastogi et al., 2014; Singh and
Kaskaoutis, 2014; Choudhary et al., 2017; Satish et
al., 2017; Kumear et al., 2018; Sharmaet al., 2018);
however, studies on the quantification of contribution
of BB to ambient organic carbon (OC), and water-
soluble OC (WSOC) over the northwestern IGP are
scarce. On the global scale, a number of studies had
guantified the contribution of BB to ambient OC using
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radiocarbon, levoglucosan and biomass burning
derived K* (k) (Gelencser et al., 2007; Gilardoni

et al., 2009; Gustafsson et al., 2009). Quantification
by radiocarboniswell established technique however;
itsmeasurement isvery tedious, time consuming, and
costly as compared to the measurements of
levoglucosan and potassium. Levoglucosan can be
used as a unique tracer for BB (Jordan et al., 2006),
but it has somelimitations because of being unstable
in the atmosphere for longer time (Kuo et al., 2008),
and relatively difficult to measure in comparison to
K*. Although measurement of K* is relatively easy
but it is a debatable tracer for identification of BB
because there could be multiple sources of K*in the
atmosphere such as BB, mineral dust, sea-salts etc.
(Pachon et al., 2013 and references therein). Fine
fraction of water-soluble K* can be used asabiomass
burning tracer but one should be cautions when
applying to coarse particulates (Reche et al., 2012).
However, K* has been established as atracer of BB
over thel GPby several studies(Ramand Sarin, 2011,
Rajput et al., 2014b; Singh et al., 2014; Rastogi et
al., 2016).

Major objectives of the present study are to
assess the contribution of BB to ambient fine K*
(unlike any of the reported study from this region),
and to estimate the contribution of BB to loading of
OC and WSOC in PM, (hereafter also referred as
fineaerosol).

Experimental Approach

The present study has been carried out over Patiala
(30.33°N, 76.40°E; 250 m above mean sealevel; Fig.
1), which is located in the northwestern part of the
IGP during October-2012 to September 2013. Study
region experiences two distinct types of large scale
agricultural-waste burning episodesi.e., paddy-resdue
burning during October-November and wheat-residue
burning in the month of May (Singh et al., 2016a).
Red dotsin Fig. 1 (captured with M oderate Resolution
Imaging Spectroradiometer (MODIS) onboard polar
orbiting NASA'’s satellite during end of the October
month) denote the fire counts, which indicates that
high BB activitieswere present over the study region
during that time. For complete description about the
sampling site and prevailing emission sources,
referenceismadeto our earlier publications (Rastogi
etal., 2015; Singh et al., 2016a; Rastogi et al., 2016).

Fig. 1: Map showing sampling location Patiala (Source:
Google Erath & MODIS NASA)

Aerosol samples were collected using 4-stage
cascade impactor attached with high volume air
sampler (Staplex, USA; Model: 234) at the air flow
rate of 1.1 m3 min-twith sampling time from 09:00-
18:00 hrs Indian Standard Time (IST). A total of 52
samples have been collected over an annual cycle
and each sample have 5 filters corresponding to the
particle collection at five different size ranges i.e.,
I3M<0.95 (~PM 1)' I:)Mo.95-1.5' PM 1530’ PM3.0-7.2 and
PM. . . Therefore, the number of analyzed samples
were 260 (52x5). Depending upon the prevailing
meteorological conditionsover theyear, datasetshave
been classified into five seasons named as autumn
(October—November), winter (December—February),
spring (March—-April), summer (May-June) and wet
(July—September), as explained in our earlier
publication (Rastogi et al., 2016). The concentrations
of K*aong with other cations (Na*, NH,*, Ca?* and
Mg?*) and anions (Cl-, SO,%~ and NO,") were
measured in all thefivesizerangeswith dual channel
ion chromatograph (Dionex, USA; Modd : ICS-5000).
In PM,, mass concentrations of elemental carbon
(EC) and OC were measured on EC-OC anayzer
(Sunset Laboratory, USA; Model: 2000), and that of
WSOC on TOC analyzer (Shimadzu, TOC-5000A).
Based on replicate analyses of samples, the precision
of measurements for water-solubleionic species, OC
and WSOC was found to be 5%, 8% and 4%,
respectively. For complete description about the size-
segregated aerosol sampling and their chemical
analysisreferenceismadeto our earlier publications
(Singh et al., 2016a and 2016b). The average values
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of meteorologica parameters, measured by automatic
weather station of Indian M eteorol ogical Department
(IMD) observatory, Patiala are summarized in
Tablel.

Results and Discussion

During observation period (October 2012 to September
2013), mass concentration of total suspended
particulates (T SP; derived by summation of aerosol
mass in different size ranges) varied from 83 to 387
ug mr3with higher concentration (averagetsd.;+10)
during autumn (267+69), summer (227+77), and winter
(179+55) seasonsand relatively lower concentration
during spring (137+38), and wet (130+62) seasons.
Size-segregated aerosol mass distribution analysis
showed that aerosol masswas most abundant (~55%)
in fine mode (PM,), followed by much lower
contribution in PM; , , (16%), and PM__ , (13%),
and least in PM - , 5 (8%) and PM | . , , (8%) over
the year. High abundance of fine aerosol broadly
reflectsrelatively higher contribution of anthropogenic
combustion sources to ambient aerosol loading, as
aerosol produced by combustion sourcesarerelatively
small in size ascompared to natural aerosol produced
by physical mechanism (Seinfeld and Pandis, 2006).
During autumn, emissions from large scale paddy-
residue burning in theopen fieldsare the major source
of aerosol loading while during winter, remnant of
crop-residue burning and emissions from thermal
power plants, bio-fuel (such as Cowdung cake, wood
sticksfrom Babool, Eucalyptus, Jujube and Shisham)
and fossi| fuel combustion coupled with shallow
boundary layer lead to high aerosol 1oading (Raj put et
al., 2011; Singh et al., 2016c). Occurrence of
occasional dust storms along with high speed winds
and dry atmospheric conditions may cause high
concentration of parti culatesduring spring and summer
season (Singh et al., 2015). Additionally, emissions
from wheat-residue burning during the first half of
May (summer) are additional sources of aerosol
loading during summer (Singh et al., 2016b). These
observationsindicate that both anthropogenic aswell
as natural sources are responsible for high aerosol
loading over the site, as reported in our earlier
publication (Singh et al., 2015).

Use of Potassium as A Biomass Burning Tracer

Overall, total mass concentration of K* (sum of
concentrationsin al the five sizes) varied from 0.06

to 5.3 pug m2 with highest concentration (average +
sd.; +10) during autumn (3.0+1.2), followed by a
decreasing trend from winter (1.6+0.74), summer
(0.64+0.40), spring (0.22+0.14) to wet (0.19+0.14)
season. The K* exhibited high concentration during
those seasons when the emissions from agricultural -
waste burning (paddy-residue and wheat-residue
during autumn and summer, respectively) and bio-fuel
burning (during winter) were dominant.In PM,, a
strong linear correlation between K* and OC (r=0.93;
p<0.0001; Fig. not shown) suggeststhat theemissions
from BB is a dominant source of fine K*. The K*/
OCratioinPM variedfrom0.01 to 0.11 (0.05+0.03).
The K*/OC ratio can be used as characteristics of
speciesemitted from different type of biomassburning
such as agricultural-waste and bio-fuel. Theseratios
are comparableto earlier reported ratio of 0.06 over
different locations of the IGP (Ram and Sarin, 2011;
Rastogi et al., 2014) andtropical forest (0.06, Andreae
and Merlet, 2001). However, thisratio is higher than
that reported for bio-fuel burning (0.01) and lower
than that reported for charcoal burning (0.08)
(Andreaeand Merlet, 2001). In addition, earlier studies
have suggested relatively high OC/EC ratio for
carbonaceous aerosol coming from BB emissions as
compared to those from vehicular emissions (fossil
fuel emissions) (Sandradewi et al., 2008). In the
present study, the temporal variability of fine mode
K* and total concentration of K* has shown same
trend asexhibited by OC/EC massratio, which further
confirmsthe hypothesisthat ambient K* over the study
regionismainly associated with the BB emissions.

The study region is surrounded by semi-arid
region and thus, dust could also be a possible source
of ambient K* along with BB emissions as there is
reasonably significant correl ation (r=0.65; p<0.0001)
between Ca?* and K* (Fig. not shown). Pio et al.
(2008) proposed amethod to distinguishthe signal of
K*from BB emissionsand dust. They suggested that
the enrichment of K* in the PM,, . is an indicator of
dominant contribution of K* fromBB emissions. Thus,
to assessthe potential source (BB or dust) of ambient
K*, fraction of finemode K™ (inPM,) in total K*was
investigated. Thetemporal variationinthe massratio
of fine K* to total K* is shown in Fig. 2A, which
depi cted that around 80% (period average) of thetotal
concentrationisinfinemode. Thisobservation reveals
the dominance of BB derived K* in comparison to
that from natural source (dust) over the study region.
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Fig. 2: Temporal variability in the mass ratio of (A) fine
potassium in total potassium and (B) biomass burning
derived potassium (K*g;) in fine potassium (K* )

The concentration of K* corrected for
contributions from the dust and sea-salts, has been
used as atracer for BB emissions (Pio et al., 2008).
The relationship between Ca?* and K* in fine mode
(PM 1) has been explored to estimate the concentration
of K* not related with mineral dust (Fig. isnot shown).
Here, the lowest ratio 0.60 is considered as the K*/
Ca?* ratio in dust. Anything above this ratio reflect
the contribution of K* from non-dust sources.
Furthermore, this K*/Ca?* mass ratio has been used

inequation no. (1) to derivethe contribution of K, to
fineK*.

(Kgs)rine = Kis — 0.60(CaZ — Cag) D

Here, Ky, Ki., CaZ and caZ; refer to BB
derived potassium, non-seasalt (nss) potassium, nss-
calciumand BB derived calcium, respectively in PM, .
Sea-salt contribution to fine aerosol loading is
insignificant over the study region as it is very far
fromseashore, and sameisreflected in trace amount

of measured Na* (annual average=0.15 pg m3). So,
nssfraction of potassium and calcium are practically
represented by the total measured concentration of
potassiumand calciumin PM,. Temporal variationin

themassratio of k;, to the concentration of fineK*

isshownin Fig. 2B. All the samplescollected during
paddy-residue burning period (October-November)

showed K, /K" ratio well above 0.9, and variable

fraction has been observed during other months of
study. Seasonally, the contribution of to fine K* was
high during autumn (96%), winter (85%), wet (72%)
and summer (70%) seasons, and ~46% during spring
season. Significant contribution of to fine K* during
autumn and summer isattributed to paddy- and wheat-
residue burning in the open fields; whereas during
winter, itismainly dueto bio-fuel burningand remnant
fromthe paddy-residue burning. Lowest ratiosduring
spring are ascribed to long-rangetransported dust from
the Thar and Arabian deserts. On annual scale, the
contribution ofto fine K* isfound to be dominant (77
+ 24%) over the study region. Earlier study by Pachon
etal. (2013) inrural areaof theAtlanta, asite mainly
influenced by BB emissions, also showed that
significant fraction (82%) of K* comes from BB.
Present study indicates that the dominant source of
K*is BB emissions, and it is reasonable to use fine
K* as BB tracer over the northwestern part of the
IGP.

Quantification of Organic Carbon from BB
Emissions

The mass concentrations of OC and WSOC in PM
ranged from 2.8 to 60 (17+13) and 1.9 to 33 ug m=3
(10£8), respectively over an annual cycle.
Concentrations of both OC and WSOC are found to
be highest during autumn, followed by winter, summer,
spring and minimum during wet season (Table 1).
Detailed description of temporal trend in the mass
concentrations of OC and WSOC are provided in our
earlier publication (Singh et al., 2016a). The
concentration of in PM, has been used to quantify
the BB derived OC (OCg;;) inPM, by literature-based
method (Gilardoni et al., 2009). A linear relationship
between OC and K, hasbeeninvestigated (Fig. 3A),
and it was found that the intercept of linear fit is
statistically non-zero (7.4 ug m3), indicating the
additional source of OC that does not belong to BB.
Therefore, the difference between ambient OC and
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Table 1: Seasonal mean values of temperature (Temp),
relative humidity (RH), organic carbon (OC) and water-
soluble organic carbon (WSOC) in PM

Seasons  Temp (°C)  RH (%) oc WSOC
(Avgt 1o) (Avgtlo) (ugm?)  (ugm)
Autumn 27+3 56+10  31+15 20+7.6
Winter 17+4 71+15  18+55 98+26
Spring 30+3 49+11  10+17 47+12
Summer 38+3 54+13  14+62 83+31
Wet 34+2 76+09  5+18 33+12
0 | m=10; ¢=7.4 “ m=6.4; c=4.0
iy ;%%%m b i :‘:Dn'%?)m ?

(ugm’)

OC Fine

+ 3
Kas (Fins} (hgm™)

Kas ey (10 M)

Fig. 3: Relationship between biomass burning derived fine
potassium (K*,) and (A) mass concentration of fine
organic carbon (OC; ), and (B) fine water-soluble

organic carbon (WSOC; )

intercept would givethe OC,,. Here, itisrelevant to
state that accurate estimation of OCy, using the
current approach is difficult because of several
assumptionsinvolved, asalso suggested by Pio et al.
(2008). Furthermore, intercept (in pg m=3) is
subtracted from all the data pointsto estimate OCg
which may lead to relatively large error for samples
withlow concentrationsof OC, usually observed during
wet season.

Estimated BB contribution to ambient fine OC
varied between 0 and 88% (annual average: 41+30%)
(Fig. 4A) with higher contribution during autumn
(69%), winter (54%) and summer (40%) seasons,
and relatively lower contribution during spring (26%)
and wet (2%) seasons, suggesting BB isasignificant
source of ambient fine OC over the study region
especidly during autumn, winter and summer seasons.
Theemissionsfromlarge scal e paddy-residue burning

during autumn and the remnant of crop-residue
burning along with emissions from bio-fuel burning
during winter are the major factors for high
contribution of BB to ambient OC during these
seasons. During summer (inMay), it isdueto wheat-
residue burning (Rastogi et al., 2016; Singh et al.,
20164). Relatively lower contribution of BB to ambient
OC during spring and wet seasons is mainly due to
absence of any large scal e agricultural-waste burning

emissions. Over an annual scale, fraction of K, to

fine K* is 77% but it is not reflected in OC, as
contribution of OCgj to total OC is 41% over an
annual cycle. It is due to use of primary tracer in
quantification of OCg,g,, where OCg, mainly
representsthe fraction of primary organicsfrom BB.
However, the actual contribution of BB to ambient
OC may be high if secondary OC from BB is also
included (Singh et al., 2016b). A study by Jung et al.
(2014) over Dagjeon, Korea, has reported relatively
lower contribution of BB to OC (45%) as compared
to present study (73%) during the paddy-residue
burning period (from mid of October to mid of
November).

Recently, Srinivas et al. (2016) had reported
AYC based BB fraction (f g5 1) tototal OCin TSP
as 0.81+0.03 (range: 0.76 to 0.87) over Hisar (at a
distance of ~180 kmin the southwest of study region)
during December month. Hisar also represents a
typical semi-urban atmosphere surrounded by
agricultural fields like the present study region and
situated downwind of sampling site during winter.
Present study estimates the contribution of BB to OC
varying from 0.40 t0 0.71 (avg: 0.54 + 0.18) in PM,
during winter (December to February), whichislower
than that reported by Srinivas et al. (2016) in TSP
(0.81+0.03). Quantification in present study is based
on the PM samplescollected only during daytime,
unlike Srinivas et al. (2016). Relatively high
contribution of BB to OC abundances had been
reported for samples collected during nighttime in
comparison to those collected during daytime, because
local inhabitants generally burn biomass (bonfire) in
thelate evening/night during winter to keep themselves
and their livestock warm (Rastogi et al., 2014). This
could also be one of the possible reasons for lower
value of BB contribution to OC in present study than
that reported by Srinivas et al. (2016). Another
possible reason can be the size of particul ates under
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Fig. 4: Fraction of biomass (BB) derived (A) organic carbon
(OC) and (B) water-soluble organic carbon (WSOC)
in fine aerosol

consideration as aged and other primary organicsare
generally found in coarse mode (>2.5 micron) (Chalbot
et al., 2014). Further, present estimation is based on
the primary tracer and represent primary OCgg, as
mentioned earlier. This is well established that
estimation usingisotopic signatureinvolved relatively
lesserror in comparison to K* based method, however,
A™C measurements are difficult, time consuming,
and costly in comparison to the measurement of K*.
Hence, present study suggests that one can assess
the contribution of BB to ambient OC using K*.

The contribution of BB to fine WSOC has also
been quantified by employing the same method as
used inthe case of OC. Theintercept inthiscaseis4
ug m2 (Fig. 3B), which is subtracted from ambient
WSOC to estimate BB derived WSOC. The
contribution of BB to ambient fine WSOC ranged
from O to 88% (annual average: 43+32%) over an
annua cycle (Fig. 4B). WSOC_ followsthe similar
temporal trend asexhibited by OCg with contribution
of 75%, 55% and 44% during autumn, winter and

summer seasons respectively, whereasit isfound to
be 14% for spring and 5% for wet season attesting
that same sources contribute to WSOC,; and OC.
In nutshell, present study demonstrates that BB is
significant source of ambient fine OC and quantify
the contribution of BB to ambient OC, which has
important implicationsin climatemodelsand air quality
regulation.

Summary and Conclusions

In the present study, the impact of BB on ambient
K*, OC and WSOC in PM have been examined over
an annual cycle over Patiala, northwest part of the
IGP. BB isfound to be the major source of ambient
fine K* over the study region with the average
contribution of 77+24%tototal fine K* over anannual
cycle. Further, BB derived fine mode K* is used to
quantify the contribution of BB to ambient fine OC.
On annual scale, OC, contributes around 41+30%
to theambient fine OC with higher contribution during
autumn (69%), winter (54%) and summer (40%)
seasons, and relatively lower contribution during spring
(26%) and wet (2%) seasons. Similarly, the fraction
of WSOC,; to ambient fine WSOC is found to be
significant (43+32%) with seasonal contribution of
75%, 55%, 14%, 44% and 5% during autumn, winter,
spring, summer and wet, respectively. Agricultural-
waste burning emissions (paddy- and wheat-residue)
during autumn and summer, and bio-fuel (such as
Babool, Cowdung cake, Eucalyptus, Jujube and
Shisham) burning during winter arethe major sources
of OCgg. Quantification of BB contribution to
atmospheric OC load isimportant in climate and air
qguality models, and may help policy makers in
designing the mitigation strategies.This study also
providesthe baseline data of biomass burning derived
OC for the northwestern | GP where biomass burning
have a significant impact on the regional and global
climate.
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