Heliyon 7 (2021) e06973

¢ CellPress

Contents lists available at ScienceDirect

Heliyon
Heliyon

journal homepage: www.cell.com/heliyon caress

Impact of crop residue burning in Haryana on the air quality of Delhi, India

Pallavi Saxena ™", Saurabh Sonwani®, Ananya Srivastava , Madhavi Jain d Anju Srivastava ©,

Check for
updates

Akash Bharti ’, Deepali Rangra ¢, Nancy Mongia ¢, Shweta Tejan ¢, Shreshtha Bhardwaj

@ Department of Environmental Sciences, Hindu College, University of Delhi, Delhi, India

b Department of Environmental Studies, Zakir Husain Delhi College, University of Delhi, New Delhi, India
¢ Department of Economics, Hindu College, University of Delhi, Delhi, India

4 School of Environmental Sciences, Jawaharlal Nehru University, New Delhi, India

€ Department of Chemistry, Hindu College, University of Delhi, Delhi, India

fDeparn:ment of Mathematics, Hindu College, University of Delhi, Delhi, India

8 Department of Physical Science Chemistry, Hindu College, University of Delhi, Delhi, India

ARTICLE INFO

Keywords:

Biomass burning
Air mass movement
Rabi

Kharif
Meteorology

ABSTRACT

Crop residue burning (CRB) over northern India is a major air quality and human health issue. The present study
assesses the impact of PM;g, PMs 5, NO, and SO,, emitted during CRB activities in Haryana on the air quality of
Delhi. The transition from pre-burning to burning period, in both rabi and kharif seasons, shows considerable
increase in pollutant concentrations. PM;o and PM; 5 concentrations exceeded NAAQS limits by 2-3 times, while
NO; and SO, stayed within the limits. MODIS fire observations used to estimate CRB fire counts (confidence
>80%) shows that rabi (burning period) fires in Haryana are ~3 times higher and more intense than in kharif.
Furthermore, backward trajectories shows air mass movement from Haryana, Punjab and Pakistan. Thus, pol-
lutants emitted reach Delhi via air masses, deteriorating its air quality.

Meteorological conditions influence pollutant concentrations during both seasons. Frequent dust storms in rabi,
and Dusshera and Diwali firework celebrations in kharif season exacerbate air pollution. In rabi, PM;¢ and PM; 5
have a significant negative association with (relative humidity) RH and positive association with (air tempera-
ture) AT. High AT during pre-monsoon, accompanied by low RH, loosens up soil particles and they can easily
disperse. Stronger winds in rabi season promote NOy and SO, dispersion. In kharif, lower AT, higher RH and
slower winds exist. Both PM;o and PMy 5 have a negative association with AT and (wind speed) WS. With lower
temperature and slower winds during winter, pollutants are trapped within the boundary layer and are unable to
disperse. As expected, NO; has a significant negative association with AT in Haryana. However, in case of Delhi,
the association is significant but positive, and could be due to the odd-even scheme imposed by the Delhi gov-
ernment. More research is needed to determine the health effects of Haryana's rabi CRB activities on Delhi.

1. Introduction

to fires in wild forests and grasslands (Rana et al., 2019). Moreover,
biomass burning, particularly, during and after crop harvest, emits

Biomass burning is an important source of atmospheric particulate
matter (PM) and trace gases, which has a significant impact on local and
global climate, in addition to causing severe health risks for humans
(Zhang et al., 2011; Wang et al., 2013). Biomass burning includes various
types of forest fires and agricultural burning after crop harvest, typically
known as crop residue burning (CRB) (Singh et al., 2010; Rana et al.,
2019). At a global scale, as much as 90% of wildfires are attributed to
CRB and forest removal activities, are mostly restricted to Amazonia,
Africa and Asia (Prabhu et al., 2020). The remaining 10% is largely due
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massive quantities of gaseous and particulate pollutants, which often
increases pollution at local and regional scales (Crutzen and Andreae,
1990; Langmann et al., 2009; Wang et al., 2013; Tsay et al., 2016; Jethva
et al,, 2019). The severity of pollution is greatly dependant on the
amount of biomass burnt, air mass transport, wind direction and the
distance from CRB source (Witham and Manning, 2007; Targino et al.,
2013).

In developing countries, quickly clearing arable lands via CRB is a
general practice adopted by farmers to directly increase the yield. In Asia,
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Figure 1. Geographical location of (a) the states of Haryana and Delhi (shaded) within the Indian boundary and (b) selected study sites within Haryana, viz. Hisar
(HSR) and Karnal (KAR), as well as Delhi, viz. Ramakrishna Puram (RKP) and Indira Gandhi International (IGI) Airport.

forest fires (45%), CRB (34%) and grassland fires (20%) contribute the
most in terms of burning activities (Mittal et al., 2009; Tang et al., 2013).
Furthermore, CRB generates a large number of air pollutants such as
oxides of nitrogen (NOy), sulphur dioxide (SO3), carbon monoxide (CO),
volatile organic compounds (VOCs) and PM, which alters the air quality
and affects various atmospheric feedback processes (Badarinath et al.,
2009a, 2009b; Alexaki et al., 2019). Several other studies report
increased concentrations of tropospheric ozone (O3), CO and aerosols
due to CRB over various parts of Central Africa, South America and some
parts of Asia due to long-range transport effect (Arola et al., 2007; Dumka
et al., 2019). Besides, the direct adverse short and long-term impacts on
the environment, poor air quality due to CRB presents a serious risk to
human health. A recent study estimated that people residing in Punjab,
an agriculturally dominant state of India, spent over USD 1 million
annually to cover for CRB-related pollution exposure illnesses (Alexaki
et al., 2019).

India is one of the largest agro-based economies in the world, pro-
ducing the highest rice and wheat yield. As such, crop cultivation and
harvesting-related activities are conducted throughout the year. The ever
increasing production of agro based products consequently generates
more waste and environmental pollution (Chang and Song, 2010; Dumka
etal., 2019). However, a rapidly growing demand for food translates into
a constant ramping up of yield production, which increasingly forces
farmers to burn fields after harvest. India is ranked as the second-highest
CRB contributor (84 Tg/year) in the world (Grover and Chaudhry, 2019).
Additionally, in India (as well as Haryana), rice and wheat are sown
during June-July and November-December respectively, and then har-
vested in the coming months of October-November and April-May,
respectively (Gadde et al., 2009). In practice, this leaves farmers with a
short time window, typically 3-4 weeks, to switch to the next season.
Moreover, there are no economical technologies available for small fields
that can collect leftover agricultural residues (Cheng et al., 2014; He
et al., 2015). Therefore, the farmers prefer in-situ CRB, a practice that is
less time-consuming, inexpensive and quickly prepares the field for the
next crop (Venkataraman et al., 2006).

The total amount of agricultural waste generated annually in India is
much greater than that in other countries. According to the Ministry of
New and Renewable Energy (MNRE) estimates, an average of 500 Mt of

crop residue is generated in India each year, a majority portion of which
is used as fuel for industrial and domestic purposes (Bhuvaneshwari
et al., 2019). Concurrently, Streets et al. (2003) identify Punjab (~20
Mt), Haryana (~10 Mt) and Uttar Pradesh (~11 Mt) as the Indian states
with the largest crop burning volume. These states form a part of the
Indo-Gangetic Plains (IGP), over which the air quality in recent years has
severely deteriorated due to CRB (Badarinath et al., 2006; Jain et al.,
2014; Kaskaoutis et al., 2014; Jethva et al., 2018, 2019). In 2016, an
overlapping episode of seasonal CRB and the wide-scale firecracker
burning during Diwali resulted in poor air quality over Delhi and its
adjoining areas (Chauhan and Singh, 2017). The study also highlights
that, as a consequence, haze and smog prevailed during most days of
October. In addition, Kaskaoutis et al. (2014) estimate that paddy residue
generated in India is ~97 Tg/year, of which ~24% is commonly burnt in
fields as surplus. However, Punjab and Haryana alone contribute about
half of the paddy straw surplus generated per year (Gadde et al., 2009).
Lohan et al. (2018) note that in Haryana, rabi CRB residue was nearly
thrice as compared to kharif CRB. Additionally, Yadav et al. (2014)
report that rabi CRB area in Haryana was also higher as compared to
kharif CRB area. Besides Haryana, Punjab is one of the most widely
studied contributor of CRB in northern India.

Interestingly, some studies have shown that rabi CRB is higher
than kharif CRB (Yadav et al., 2014; Grover and Chaudhry, 2019).
Unlike Punjab, in Haryana rabi CRB poses a much serious issue than
kharif CRB (Lohan et al., 2018). Moreover, low soil moisture and high
air temperature also contribute to increased fires and enormous loss of
crops during rabi harvesting. Farmers in Haryana also reported that
machinery sparks generated during threshing, are also responsible for
biomass fires (Jitendra et al., 2017). Scientific research on the
degradation of air quality over Delhi due to prevalent CRB activities in
the neighbouring state of Haryana, particularly in rabi season, is still
quite sparse. Most previous studies have focussed on the issue of CRB
activities in Punjab, particularly in kharif season, in degrading the air
quality of northern India. But these studies fail to discuss the role of
rabi CRB in Haryana on degrading the air quality of Delhi. Delhi is of
focus due to the fact that it is the national capital of India, has a
population of over 16 million (2011 census), and remains one of the
most polluted cities in the world.
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Therefore, the present study seeks to (1) quantify CRB activities
through fire count analysis in Haryana, (2) identify air mass movements
through backward trajectories to Delhi from source locations, and (3)
assess the variations in PM;g, PMjy 5, NO2 and SO, concentrations, during
pre-burning and burning periods of rabi and kharif season, in Haryana
and Delhi. Overall, this study highlights the role of Haryana's CRB ac-
tivities, particularly during rabi season, in deteriorating the air quality of
Delhi.

2. Study area
2.1. Delhi

Apart from being India's national capital, Delhi is the second most
populous city in the world (Mahato et al., 2020). According to the latest
census report, the metropolis had a population of 16.8 million with an
annual growth rate of 21%. It occupies an area of 1483 km?, and is
located at an elevation of 220 m.a.s.l. (Saxena et al., 2020a, b). Delhi
experiences a semi-arid climate with four main seasons: pre-monsoon
(Mar-May), monsoon (Jun-Sept), post-monsoon (Oct-Nov) and winter
(Dec-Feb). The temperature varies between 4 °C and 10 °C during winter
and 42 °C and 48 °C during pre-monsoon (Saxena et al., 2019). Over 80%
of yearly rainfall occurs during monsoon (Perrino et al., 2011; Tiwari
et al., 2013; Sonwani and Kulshrestha, 2019). Two representative sites of
Delhi were chosen for the study to recognise the impact of CRB from
Haryana. The locations of these sites are shown in Figure 1.

2.1.1. Ramakrishna Puram (RKP)

RKP (latitude: 28.56° N; longitude: 77.17° E) is one of the largest
housing colonies in Delhi. It is surrounded by around 10 schools and 7
adjoining marketplaces. It is covered by the ring road to the north, outer
ring road to the south with moderate traffic density.

2.1.2. Indira Gandhi International (IGI) airport

IGI Airport (latitude: 28.55° N, longitude: 77.10° E) is one of the
largest and busiest sites in Delhi. It is situated at a distance of 3 km from
the national highway (NH 8) in the southeast and Gurugram in the
southwest. This site is a very heavy traffic zone, where low floor buses,
taxis, personal cars, three-wheelers and heavy duty trucks are common.
There are no industries in the vicinity of the airport.

2.2. Haryana

Haryana is a state in northern India located at 29.05° N, 76.08° E and
approximately 210-275 m.a.s.l. The state has an administrative area of
44,000 km?. The population is about 25.4 million (Grover and Chaudhry,
2019). The temperature ranges from 45 °C to 47 °C in pre-monsoon and 2
°C to 5 °C in winter. Like Delhi, Haryana also experiences ~80% of its
rain during June-August. Haryana is also one of the major producers of
rice and wheat in the country (Grover and Chaudhry, 2019). Two
representative sites of Haryana were chosen, namely Hisar and Karnal
(Figure 1), as they are one of the main wheat/rice CRB regions in
Haryana.

2.2.1. Hisar (HSR)

Hisar, a suburban city of Haryana is situated at 29.14° N latitude and
75.72° E longitude. It has a mean temperature of 40 °C and 10 °C in pre-
monsoon and winter, respectively. It receives a mean annual rainfall of
450 mm. Frequent dust storms are a notable feature of pre-monsoon
(Kaushik et al., 2012). Agricultural fields are located ~5 km from its
centre. During harvesting, CRB is a regular practice in and around this
area.

2.2.2. Karnal (KAR)
Karnal, another suburban city of Haryana is situated at 29.68° N
latitude and 76.99° E longitude and has a geographical area of 2520 km?.
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It has a mean annual rainfall of 544.5 mm (SAH, 2017). Moreover, May
and June are the hottest months, while January is the coldest. Agricul-
tural fields are located ~7 km from Karnal and CRB has been a contin-
uous practice in the past few years.

3. Data and methods

Hourly PM; o, PM3 5, NO; and SO concentrations for the selected sites
in Delhi and Haryana during 2019 were obtained from the Central
Pollution Control Board (CPCB; http://cpcb.nic.in/real-time-air-quali
ty-data/) data portal. Meteorological parameters such as ambient tem-
perature (AT), relative humidity (RH), wind speed (WS) and wind di-
rection (WD) were obtained from the Indian Meteorological Department
(IMD) as daily means for 2019. Air pollutant data over Haryana was
analysed for pre-burning and burning periods of kharif (rice) and rabi
(wheat) season. Concurrently, data was collected over Delhi to study the
impact of transported air pollutants released from CRB activities in
Haryana. The four main periods of the cropping system in 2019 are 1)
pre-burning kharif 6™ September-lOth October), 2) burning kharif @it
October-20" November), 3) pre-burning rabi (10" March-15™ April),
and 4) burning rabi (16th April-21St May). These durations are deter-
mined based on 1) existing literature, 2) survey information collected
from local population and farmers, and 3) satellite-derived fire count and
intensity data.

3.1. MODIS thermal anomalies

The Moderate Resolution Imaging Spectroradiometer (MODIS) sensor
is on-board two satellite platforms, viz. Aqua and Terra. For each
wavelength (ranging from visible to infrared spectrum) the satellite re-
cords digital numbers (DN). DN values from specific wavelength chan-
nels can be used to estimate the top of atmosphere radiance, reflectance
or brightness temperature. Of its many uses, 4, 11 and 12 pm wavelength
channels are used to identify potential fire pixels. The collection 6 al-
gorithm developed by Giglio et al. (2016) uses dynamic day and night-
time temperature thresholds to identify potential fires. Compared to the
previous collection 5 dataset, dynamic thresholds greatly improve ther-
mal anomalies and fire detection across the globe (Giglio et al., 2016).

For the present study, MODIS Aqua and Terra Thermal Anomalies (at
1 km spatial resolution) data were used to locate active fires over Har-
yana. This vector (point location) data was acquired from the Fire In-
formation for Resource Management System (FIRMS) database of NASA
(https://firms.modaps.eosdis.nasa.gov/download/). Collection 6 MODIS
thermal anomalies can detect various types of fires, including vegetation
burning, active volcanoes and other static fire sources. Supplementary
Table 1 shows the number of fire counts for rabi and kharif during the
pre-burning and burning period. Of the total fires burning in the selected
bounding box over northern India (70-80° E longitude, 25-35° N lati-
tude), only those flagged as biomass/vegetation burning (type O in
MODIS data) and falling inside the Haryana state boundary were further
considered. Following Chandra and Sinha (2016), fire events flagged
with the confidence level <80% in the downloaded dataset were rejected
and filtered out. The remaining high confidence events (>80%) were
considered for the present study. Location, brightness temperature,
day/night fire event and fire radiative power (FRP) is also provided
within the dataset.

3.2. HYSPLIT model (backward trajectory analysis)

The sources of the air mass were identified using the National Oceanic
and Atmospheric Administration (NOAA) Air Resources Laboratory's
(ARL) HYSPLIT model. This model is widely used to compute air parcel
trajectories as well as the complex transport, dispersion, chemical
transformation, and deposition simulations (Draxler and Hess, 1998).
Performing backward trajectories from receptor sites is more efficient
than forward trajectories, to find potential source locations (Stein et al.,
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Table 1. Mean of meteorological variables during pre-burning and burning periods of rabi season in Haryana and Delhi.

Haryana

Pre-burning (rabi) Burning (rabi)

HSR KAR HSR KAR
AT (°C) 26.2 + 4.7 25.6 + 3.1 31.9 + 3.6 30.2 + 3.0
RH (%) 47 £ 10 50 +9 33+15 35+1
WS (m/s) 1.7 £ 0.5 0.8 +£0.3 1.8 £ 0.5 0.9 + 0.3
WD SW SW SW SW
Delhi

Pre-burning (rabi) Burning (rabi)

RKP IGI RKP IGI
AT (°C) 23.6 + 4.7 25.3 +4.3 29.5 + 3.5 30.8 + 3.0
RH (%) 43+ 8 58 + 10 34 +11 50 + 11
WS (m/s) 0.9 + 0.3 3.2+20 1.0 £ 0.4 38+1.2
WD SW SW SW SW

Table 2. Same as Table 1, but for kharif season.

Haryana

Pre-burning (kharif) Burning (kharif)

HSR KAR HSR KAR
AT (°C) 28.6 2.2 26.7 £ 4.8 23.8 +£2.7 229+ 2.2
RH (%) 71+7 74 £10 5547 66 + 6
WS (m/s) 1.5+ 0.4 0.5+ 0.2 1.2+ 0.5 0.6 +£0.3
WD SE SE SW SW
Delhi

Pre-burning (kharif) Burning (kharif)

RKP IGI RKP IGI
AT (°C) 26.5 + 2.3 28.7 £2.2 20.6 + 2.8 22:9=5125
RH (%) 66 + 4 74 £5 61 +5 71+5
WS (m/s) 09 + 0.4 2.7 +£1.9 0.5+ 0.2 1.7 £ 0.9
WD SE SE SW SW

2015; Draxler, 2011). In the present study, three days of NOAA-HYSPLIT
air mass back trajectories at 500 m and 1000 m above ground level (AGL)
were used to study the air mass movements over the region in rabi and
kharif season.

4. Results and discussion
4.1. Meteorological parameters variations

The variations of meteorological variables viz., AT, RH, WS, and WD
during pre-burning and burning periods of rabi (Table 1) and kharif
season (Table 2) for Delhi and Haryana are presented. In rabi season, AT
varied from 23.6 to 31.9 °C. AT considerably increased from pre-burning
(mid-March to mid-April) to burning (mid-April to mid-May) period due
to progressing pre-monsoon season (Table 1). RH is lowest (highest)
during the burning (pre-burning) period of rabi (kharif) season. RH
varied from 33% to 58% in selected sites in Delhi and Haryana. Winds are
observed to be considerably stronger (3.8 m/s) over IGI site in Delhi in
rabi season as compared to other sites and seasons. Winds in rabi season
blow in the southwest direction and do not show any wind reversal from
pre-burning to burning period transition (Table 1).

In case of kharif season, AT varied from 20.6 to 28.7 °C. It decreased
from pre-burning (mostly September) to burning (mid-October to mid-
November) period due to onset of winter (Table 2). Similar pattern is
noted for RH. Winds at IGI site during pre-burning period (2.7 m/s) were
remarkably stronger than the burning period (1.7 m/s). Unlike rabi
season, a wind reversal from southeast (during pre-burning) to southwest

(during burning) direction is noted in kharif season for both Delhi and
Haryana (Table 2).

4.2. Fire count analysis

CRB fire events extracted from Collection 6 MODIS thermal anoma-
lies dataset are mapped for rabi and kharif seasons (Figure 2). For both,
the number of fire counts increase significantly during the burning
period. Furthermore, during the pre-burning period of kharif season, only
one CRB fire incidence is observed. However, in rabi, 5 such incidences
are noted in the pre-burning period (Figure 2 a, c). CRB fires in the rabi
season are much higher in number (277 in total) and are more widely
spread across Haryana (Figure 2b). Conversely, fire events (90 in total)
during the burning period of kharif are mostly restricted near the Punjab-
Haryana state border (Figure 2d). Similar observations were reported by
Lohan et al. (2018), where, in Haryana alone, rabi contributed to 57.31%
and kharif contributed to 21.17% in CRB events. Yadav et al. (2014)
noted that the maximum area under rabi CRB (100.05 thousand ha) was
higher than kharif (90.84 thousand ha) in most of the agricultural regions
of Haryana e.g., KAR, Kurukshetra, Kaithal, etc. Moreover, Jitendra et al.
(2017) also reported that straw left rooted to the ground from mecha-
nised farming practices, is later burned in April-May, causing poor air
quality in Haryana.

Figure 3 shows daily incidences of CRB events (confidence >80%)
during rabi season. Daily fire counts significantly increase from the pre-
burning period (Figure 3a) to the burning period (Figure 3b). Further-
more, fire counts peak on April 28, after which a decline is noted.
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Figure 2. CRB fire counts (confidence >80%) during rabi (wheat) season (a) pre-burning period (b) burning period, as well as kharif (rice) season (c) pre-burning

period and (d) burning period, for the year 2019, across Haryana.

However, CRB gradually increases during the first week of May, reaching
its highest activity on May 9. Interestingly, rabi CRB events were notably
restricted from May 4-13. CRB fires in kharif season are increasingly
evident after October 10 (Figure 4b). However, few CRB fires are also
noted in the late pre-burning period (Figure 4a), indicating earlier har-
vest by some farmers. While in kharif burning period, CRB fires are
consistent (October 12 to November 11). Peak fire activity is observed on
November 4, during the latter half of the season. Other than CRB in-
cidences, the radiant heat output, i.e. fire intensity from each event, is
also an important parameter (Laurent et al., 2019). Therefore, the
parameter FRP is helpful to estimate the pixel-integrated FRP (in mega-
watts; MW). Since FRP is representative of 1 km x 1 km grids, a higher

FRP could imply 1) a higher quantity of stubble present in that grid for
CRB or 2) more radiant heat was generated per kilogram of CRB. Figure 5
shows the frequency distribution of FRP for burning period of both sea-
sons. Fire counts and FRP data over Punjab in rabi and kharif season have
also been added as part of supporting information (Suppl. Figures 2, 3,
and 4).

For both seasons, majority of CRB fires have <100 MW radiant
heat output and most events fall in the 25-50 MW FRP frequency bin.
This means that low to medium intensity fires are prevalent during
most CRB fire incidences in Haryana. However, rabi season CRB shows
stronger FRP (>300 MW for some fires) compared to kharif season
CRB.
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Figure 3. Daily fire counts (confidence >80%) during (a) pre-burning and (b) burning period in rabi season across Haryana in 2019.

4.3. Backward trajectory analysis

Three days NOAA-HYSPLIT air mass backward trajectories were
plotted for burning period of rabi (Figure 6 a, b) and kharif (Figure 6
¢, d) season. Plots for pre-burning period are provided as part of
supplementary information (Suppl. Fig. 5). As high pollutant load
and smoke plumes are mainly restricted to the lower troposphere,
the trajectory altitudes in the model were set at 500 m and 1000 m.
Some studies report the typical height of air masses as 500-800 m,
especially during the pre-burning period (Kaskaoutis et al., 2014),
whereas others report that the smoke-laden air masses may travel
even higher (Badarinath et al., 2009a). Moreover, the HYSPLIT
backward trajectory analysis has been extensively used for the
detection of the air mass movement (Jethva et al., 2018; Saxena

[\
(=)
1

Daily Fire Count
S

et al., 2019, 2020a, b; Stein et al., 2015; Badarinath et al., 2009b).
By considering Delhi as the sink location, air mass movement could
sufficiently link the potential impact of CRB practices in Haryana.
Two backward trajectories were plotted for burning period in each
season (Figure 6). In rabi season, majority of the air masses reach
Delhi from the adjacent state viz., Haryana, and from farther away
states such as Punjab (Figure 6 a, b). Air masses also reach Delhi,
from Pakistan, a neighboring country to India. Similar to rabi, in
kharif season, many air masses reach from Haryana, Punjab and
Pakistan, while some air masses from IGP also reach Delhi (Figure 6
c, d).

Pollutants emitted through CRB activities in any of these adjacent or
faraway states will reach via the air masses to Delhi and thus deteriorate
its air quality.
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Figure 4. Same as Figure 3, but for kharif season.
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4.4. Distribution of PM19, PM2 5, NO» and SO2

4.4.1. Descriptive statistics

Pre-burning and burning concentration (mean + SD) of PM;(, PM3 s,
NO; and SO for both seasons over Haryana and Delhi are provided in
Table 3. Additionally, box and whisker plots of these pollutants are
shown in Figure 7 In case of rabi season, a maximum increase of ~34%
and ~25% in PMy 5 and NO5 concentrations, respectively is observed
over Haryana from pre-burning to burning period (Table 3). This increase
can be associated with rampant stubble burning of wheat crop after
harvest. Jain et al. (2014) also reported an increase of 18%, 34%, 25%
and 17% in PM;o, PMy 5, NO, and SO, concentrations in rabi burning
period in Haryana. For Delhi, the present study observed a ~23% in-
crease in NO,, while a ~22% decrease in PMj 5 from the pre-burning to
burning period (Table 3). The 24-h National Ambient Air Quality Stan-
dards (NAAQS) for PM;y, PM3 5, NO, and SO, are prescribed as 100, 60,
80 and 80 pg/m°>, respectively. In rabi season, for both Haryana and
Delhi, PM;o and PM, s concentrations exceeded their NAAQS limits,
while NO, and SO, remained within the limits (Figure 7 a, b).

The transition from pre-burning to burning period in kharif season
also shows a considerable increase in the pollutant concentrations. In
Haryana, from pre-burning to burning period, an increase of ~67%,
~59% and ~53% is observed for PM 5, PM; o and NO, respectively while
for Delhi, an increase of ~76%, ~66% and ~19% is observed for the
same pollutants (Table 3). Similar to rabi season, in kharif, concentra-
tions of PM;o and PMj3 5 exceeded their NAAQS limits, while NOy and
SO, remained within the limits (Figure 7 ¢, d). Beig et al. (2020) noted
high PM concentrations during the kharif burning period in Delhi.
Additionally, Chawala and Sandhu (2020) also reported a significant
emission of air pollutants through CRB activity. Moreover, pollution load
from fireworks during Dusshera (in October) and Diwali (in November)
festival contribute towards worsening of air quality in northern India. In
the present study, PM;o and PM; 5 concentrations are observed to be
several times higher than that of NO; and SO, (Figure 7). PM can travel
long distances as compared to gaseous pollutants (Kim et al., 2015). The
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spread of PM from open field CRB activities causes worsening of air
quality in the Delhi region (Hays et al., 2005; Sharma et al., 2010;
Agarwal et al., 2012; Sidhu et al., 2015). The role of meteorology is
crucial in impeding vertical mixing of air masses and dispersion of air
pollutants. Low temperature, stable atmospheric conditions lead to low
pollutant dispersion during winter which aids in significant rise of PM
concentrations in kharif. As a result, the pollutant load is essentially
trapped within the boundary layer, and this causes a massive spike in the
ambient concentrations over Delhi.

4.4.2. Time series analysis

In general, both seasons show higher pollutant concentrations during
the burning period (Figures 8 and 9. For rabi season, significantly higher
PM;o and PM; 5 concentrations are observed during the burning period
over both Haryana and Delhi (Figure 8). Many isolated peaks are also
observed from late March to the beginning of April, and can be associated
with the prevalence of increased dust storm activity and the absence of
pre-monsoonal precipitation over the region. Such dust storms carry a
significantly high load of dust from the Thar Desert to Delhi, and there-
fore dramatically increase particulate concentrations in the atmosphere.
As PM and NO; are important markers of biomass burning, high peaks
witnessed during the rabi burning period represent CRB activity in
Haryana. On most days, the concentration of PM is found to be two to
three folds higher than the NAAQS standards (Figure 8). Previous
research highlights CRB activities are a significant driver of increase in
pollutant concentration (Chandra and Sinha, 2016; Jain et al., 2014;
Sharma et al., 2010).

Kharif early pre-burning time in September, coincides with the late-
monsoon period and occasional precipitation is observed over northern
India. Thus, wet scavenging of atmospheric pollutants can sufficiently
lower their concentration in the atmosphere (Sonwani and Kulshrestha,
2019). However, by the late pre-burning period (first week of October),
monsoonal activity ceases and an increase in pollutants is observed. Over
both Haryana and Delhi, PM;y and PM; 5 concentrations significantly
exceed their 24-h NAAQS, while NO, and SO, concentrations remain
within the prescribed limits (Figure 9). In kharif burning period, PMy 5
and PM;( concentrations are 33% and 25% higher over Haryana, than
the rabi season. The same in case of Delhi was noted to be 61% and 23%,
respectively. Several authors also mentioned the increasing concentra-
tion of PMy 5 and PM; in kharif burning period (Grover and Chaudhry,
2019; Sharma et al., 2010; Jain et al., 2014). Apart from CRB activities,
favourable meteorological conditions prevailing in winter, as well as,
increased pollution load from Dusshera and Diwali firework celebrations
are important factors responsible for deteriorating air quality over the
region.

4.4.3. Correlation analysis

Underlying associations are determined between mean concentra-
tions (pg/m3) of PM;, PM3 5, NO3 and SO, and meteorological param-
eters viz., WS, AT and RH (Table 4). Pearson correlation coefficient (r),
assumes an inherent linear relationship in the data (Jain et al., 2017) and
the correlation ranges from strong (1.00-0.50) to moderate (0.49-0.30)
to weak (0.29-0.00) (Xie et al., 2015). The correlations for both seasons
in Haryana and Delhi are calculated only for the burning period. In
Haryana, during rabi season PM;o and PMj 5 have a significant strong
negative association with RH and a significant strong positive association
with AT. In case of Delhi, both these parameters have a significant strong
negative association with RH, but a weak positive association with AT.
High AT during pre-monsoon, accompanied by low RH, helps soil par-
ticles to loosen up and these can be readily dispersed into the atmo-
sphere, with the slightest winds. Burning of straw left rooted to the
ground after harvest leads to poor air quality (Jitendra et al., 2017). In
addition to CRB activities, the agricultural fields are highly vulnerable to
soil erosion, especially, when left unirrigated. Thus, such PM particles are
also available for dispersion. Another phenomenon unique to
pre-monsoon over the study region is the aggravated dust load in the air,
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Figure 6. Three day NOAA HYSPLIT backward trajectory analysis plots showing air mass movement to Delhi for burning period in (a, b) rabi and (c, d) kharif season

in 2019.
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Table 3. Descriptive statistics (mean 4 SD) of PM; 4, PMy 5, NO and SO, concentrations (ug/m>) during the pre-burning and burning period in rabi and kharif seasons at

selected sites in Haryana and Delhi.

Rabi (Pre-burning)

Rabi (Burning)

RKP IGI Delhi HSR KAR Haryana RKP 1GI Delhi HSR KAR Haryana
PM;, 211.7 £ 50.5 203.6 + 65.2 207.6 + 57.5 145.9 + 50.3 1619 + 55.0 153.9 £+ 52.6 245.8 +£ 89.9 245.0 +91.3 245.4 +90.5 198.4 +76.4 180.0 + 60.3 189.2 + 68.4
PM,s 101.6 + 58.7 71.8 +23.4 86.7 £43.5 64.8+31.6 68.6 +£27.4 66.7+295 61.5+123 73.6+33.3 67.5+456 984+378 103.7+ 32.8 101.0 £+ 35.3
NO, 73.5+10.1 358+ 18.1 54.6+14.0 226 £+6.8 220+11.6 223+9.2 71.1+13.8 13.3+2.6 42.2 £ 8.3 28.3 £10.3 31.1 +£12.7 29.6 +£11.5
SO, 9.2+£25 NA 9.2+ 25 25.6 £8.7 251+104 253+9.6 98+43 NA 9.8 +4.3 325+122 284 +13.2 304 +125
Kharif (Pre-burning) Kharif (Burning)
RKP IGI Delhi HSR KAR Haryana RKP IGI Delhi HSR KAR Haryana
PM;o 104.2 + 44.5 110.5 + 42.4 107.4 + 43.2 97.7 +£ 30.3 109.3 + 43.1 103.5 £+ 36.5 312.2 £ 125.1 325.9 4+ 145.7 319.0 + 135.0 279.3 £+ 113.7 225.6 + 83.6 252.4 4+ 98.5
PM,s 41.5+16.7 40.5+16.7 41.0+ 16.7 51.4 +£15.9 50.1 +£26.9 50.7 +21.5 162.6 +£106.9 187.4 + 127.1 175.0 + 117.0 157.3 £+ 86.3 150.3 + 84.8 153.8 & 85.0
NO, 346+17.8 345+16 345+100 132+42 88+6.6 11.0 £ 10.8 44.7 £22.0 40.8+554 42.7+38.5 29.1+155 17.7+9.2 234+122
SO, 52+15 NA 52+1.5 24.7 £14.3 139+13.3 19.3+13.8 10.5+26 NA 10.5 + 2.6 20.7 £ 8.1 180+ 6.2 19.4+7.0
400
a b
4004
“& 300 = .
E] £
= 23004
z 2
g z
& 20 g
= i T 200
g ‘ Z
5 )
o} 2
100 3
© 1004
‘ .
. g i %
* '
*
e+ + = * :
5 B = < 0 = ==
0 T T T T ! ) !
NO, PM, P! SO,
NO; PM, 5 M}, SO : bs Mig :
! d
500 6004
400 500
o o
s 3
2 & 400 -
§300 - + -
2 g
g < 300
;::200 - g
5 8
3 5 200 -
© S
100 4 i
é 100 g L]
o] _+% e 8= :
T T T T 0 T T T =T
NG, PM;s PM; S0, NO, PMy PM;, S0,

Figure 7. Box and whisker plots showing PM;,, PMy s, NO, and SO, concentrations (jig/m?®) variations during pre-burning (in grey) and burning (in red) periods, in
rabi season in (a) Haryana and (b) Delhi, as well as kharif season in (c) Haryana and (d) Delhi. Plot representations: 75% and 25t percentiles by box bounds; maximum
and minimum by whiskers; 95t and 5t percentiles by rhombus (solid); median by line (solid) in each box and mean by squares (hollow).

through frequent and intense dust storm activity. All such factors, com-
bined, play a major role in causing high concentrations of PM, when the
ambient AT and RH in rabi season, are high and low, respectively. Unlike
PV, the emissions of NO5 and SO, are limited in terms of their source.
Stronger winds blown over the region in rabi season promote dispersion
and/or transport of NO5 and SO,. The same can be noted from Table 4a,b
where NOy shows a significant strong to moderate, but a negative

correlation with WS over Haryana and Delhi. Interestingly, PM does not
show a negative correlation with WS, but in fact is weakly positively
associated. This strengthens our point that PM sources are abundantly
available, even after possible dispersion via winds.

In kharif season, conditions such as lower AT, higher RH and
slower winds exist (Tables 1 and 2). These winter conditions aid in
lesser soil erosion from open agricultural fields and low dispersion
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Figure 8. Time series of PM;q, PMy 5, NO, and SO, during pre-burning and burning periods in the rabi season over Haryana (left panel) and Delhi (right panel).

Horizontal lines in each respective sub-plot indicate NAAQS prescribed limits.

of pollutants (Lal et al., 2000; Xie et al., 2015). Table 4 shows that
both PM;( and PM; 5 have a negative association with AT and WS.
This implies that with lower temperature and slow winds, pollutant
concentration is increasing or is unable to disperse. In Delhi, PM;o
and PMy s has a significant strong negative association with RH. In
both Haryana and Delhi, there exists a significant positive (strong to
moderate) association of SO, with AT and RH. Again, meteorolog-
ical conditions in winter exacerbate pollutant concentrations. As

expected, NO; is significantly strongly negatively associated with AT

10

in Haryana. However, in case of Delhi, the association is significant,
strong but positive. In the year 2019, Delhi government imposed an
odd-even scheme from November 4-15, in order to combat the
hazardous smog that had enveloped the national capital (Jain et al.,
2021). This meant that on any given day the either an odd number
plate car could ply, or an even number, thereby significantly
reducing the car density and emissions. Thus, meteorological factors
also play a role in either increasing or decreasing the pollutant
concentrations.
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Figure 9. Same as Figure 8, but for kharif season.

5. Conclusion

The study highlights the role of Haryana's CRB activities, particularly
during rabi season, in deteriorating the air quality of Delhi. CRB fire
counts (burning period; confidence >80%) in Haryana are ~3 times
higher and more intense (>300 MW for some fires) in rabi season

11

compared to kharif. CRB fires in rabi are evenly spread across Haryana,
but are restricted to Punjab-Haryana state border in kharif. Moreover,
Yadav et al. (2014) and Lohan et al. (2018) highlight a higher area under
CRB in rabi season, as opposed to kharif. Backward trajectories during
burning period of both seasons show air mass movement from adjacent
state viz., Haryana, and from faraway places such as Punjab and Pakistan.
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Table 4. Pearson correlation matrix between daily mean concentrations of PM;o, PM, 5, NO, and SO, and meteorological parameters viz., AT, RH, WS and WD in the

burning period of rabi and kharif seasons over Haryana and Delhi.

NO; (hg/m*) 805 (pg/m®) PM; (g/m°) PM, 5 (ug/m?) WS (m/s) AT (°C) RH (%)
a. Rabi (Haryana)
NO, 1 -.07 12 .07 -.37%% .30 -.22
SO, -.07 1 -.00 -.29* .01 -.25 .02
PM;o 12 -.00 1 79+ .22 57+ -.55%*
PM, 5 .07 -.29% 79+ 1 .08 .55%% -.48%*
WS -.37%% .01 .08 1 .13 -11
AT .30 -.25 13 1 -.88%*
RH -.22 .02 =11 -.88"* 1
b. Rabi (Delhi)
NO, 1 45+ 11 -.14 -.57%% .16 -47*
SO, 45%* 1 .26 .15 -.28 -.26 -.34*
PM;o 11 .26 1 .60** -.01 .32
PM, 5 -.14 .15 .60%* 1 .01 .30
WS -.567* -.28 -.01 .01 1 .13
AT .16 -.26 .32 .30 13 1 76%%
RH -47%* -.34* -.697* -.56* 13 76" 1
c. Kharif (Haryana)
NO, 1 527% .07 13 .03 =71
SO, .527%* 1 .54+ 427 -13 -.34*
PM;o .07 54+ 1 .88%* -.25% -.09
PM, 5 .13 427 .88+ 1 -.19 -.07 -.05
WS .03 -13 -.25% -.19 1 -.20 -.26"
AT =717 -.34* -.09 -.07 -.20 1 .37*
RH -.49%% -.34%% -.07 -.05 -.26* .37% 1
d. Kharif (Delhi)
NO, 1 -.33* .13 .06 -427% .50%* .23
SO, -.33% 1 .28 .39 .02 -.627% -.00
PM;o .13 .28 1 .94+ -.45%% -.22 57%*
PM, 5 .39+ .94+ 1 -.30 -437*
WS .02 -.45%% -.30 1 -.03
AT -.627%% -.22 -43F -.03 1
RH -.00 57+ 50" -.467* -.19 1

* Correlation is significant at the 0.05 level (2-tailed).
™ Correlation is significant at the 0.01 level (2-tailed).

Some backward trajectories from IGP, also reach Delhi in kharif season.
Pollutants emitted through CRB activities in any of these places reach
Delhi via air masses, thus deteriorating its air quality.

The transition from pre-burning to burning period in both seasons
showed a considerable increase in the pollutant concentrations. More-
over, PM;o and PM; 5 exceeded their NAAQS limits (2-3 times higher),
while NO; and SO, remained within the limits. During late March-early
April (i.e., rabi burning period) prevalence of frequent and intense dust
storms (high dust load from Thar desert) and the absence of pre-
monsoonal precipitation over the region, considerably increases the
PM;p and PMy5 concentrations. These pollutants have a significant
strong negative association with RH and positive association with AT.
High AT during pre-monsoon, accompanied by low RH, loosens up soil
particles, especially when left unirrigated. These particles can disperse in
the air, with the slightest winds. Unlike PM, the emissions of NO5 and
SO, are limited in terms of their source. Stronger winds in rabi season
promote dispersion of NO, and SO5. NO5 shows a significant strong to
moderate, but a negative correlation with WS.

Occasional precipitation is observed in early-September (i.e., onset of
kharif pre-burning) and by early-October (i.e., late kharif pre-burning
period) monsoonal activity ceases, and an increase in pollutant concen-
trations is observed. In kharif burning period, PMs 5 and PM; concen-
trations are 33-61% and 23-25% higher over the region, than rabi
season. In kharif season, lower AT, higher RH and slower winds exist.

12

Both PM;( and PM; 5 have a negative association with AT and WS. With
lower temperature and slower winds, pollutants are unable to disperse.
Apart from CRB activities and favourable meteorological conditions in
winter, Dusshera and Diwali firework celebrations is an important factor
for deteriorating air quality over the region. As expected, NO, has a
significant, strong and negative association with AT in Haryana. How-
ever, in case of Delhi, the association is significant, strong but positive.
This could be due to the impact of the odd-even scheme imposed by the
Delhi government from November 4-15, 2019.

Strong initiatives are needed to mitigate the ill-effects of CRB ac-
tivities over the region, in both rabi and kharif season. Large-scale
farmer awareness camps and the use of sustainable CRB manage-
ment practices are suggested. Moreover, isotopic or marker studies can
help the scientific community in analysing the role of rabi CRB
emissions coming from Haryana to Delhi and its impacts on air-quality
and human health.
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