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Ozone and particulate matter (PM), PM10 and PM2.5, were monitored along with meteorological
parameters at a semi-urban location, Patiala, in the north-western Indo-Gangetic plain from December
2013 to November 2014. The annual mean concentration levels of PM10, PM2.5 and ozone were recorded
as 178 μg m−3, 88 μg m−3 and 39 ppb, which also exceeded the national standards on a 24-h average
basis, by 77.3% (335 days), 53.2% (338 days) and 20 days, respectively. High levels of PM (PM10 and
PM2.5) were observed in winter (58–381 and 42–270 μg m−3) and in the post-monsoon (71–320 and
39–320 μg m−3) season and a rise in the level of ozone was observed in summer (22–72 ppb) and in the
post-monsoon season (23–73 ppb), respectively. The rate of ozone production was the highest during the
post-harvest fire period (3.94 ppb O3/h in May and 4.23 ppb O3/h in November). A Pearson correlation
study showed the strong dependency of PM and ozone on meteorological variables. Relative humidity
has the highest ranking for ozone and PM10, while wind speed has the lowest rank for ozone, PM10

and PM2.5 in the order of factors affecting the level of pollutants. The generalised linear model and the
neural network model (for ozone) and the random forest model (for PM) outperformed on the basis of
performance indices and further cross-validation was done.

Keywords. Indo-Gangetic plain; ozone; PM10 and PM2.5; meteorology; correlation analysis; linear
and nonlinear regression analysis.

1. Introduction

The Indo-Gangetic plain (IGP) ranging from
21.75◦N, 74.25◦E to 31.0◦N, 91.50◦E accounts for
21% of the land area of the Indian subconti-
nent and holds nearly 40% of the total popu-
lation which gives rise to the worst air quality
in the region (Badarinath et al. 2009). WHO

Supplementary material pertaining to this article is available on the Journal of Earth System Science website (http://www.
ias.ac.in/Journals/Journal of Earth System Science).

reported the data of critically polluted cities,
stretching from the west to the east of north-
ern India (WHO 2018). Among the most signif-
icant contributors of air pollution such as auto-
mobiles, industries and domestic emissions, post-
harvest crop residue burning (CRB) is an episodic
contributor to the level of pollutants. Rice and
wheat are the major crops, which generate a
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large amount of leftover crop residue, intensified
by the usage of mechanical combine harvester
technology, which is further subjected to open
field CRB due to the short duration between
rice harvesting and wheat sowing, labour short-
age, uncertainty of weather and no economical
technologies are used for collecting leftover agri-
cultural residues from the field (Jain et al. 2014;
Kumar et al. 2016). The harvesting of crops is done
in the months of April and October for wheat and
rice, respectively, whereas the CRB from harvest-
ing is done from mid-April to May (in the summer
season) and from mid-October to mid-November
(in the post-monsoon season) for the respective
crop seasons. In these months, the level of pollu-
tants is higher than the permissible limit, especially
when the weather conditions are unfavourable for
the dispersion of air pollutants. CRB, due to less
than ideal combustion conditions, typically pro-
duces a thick cloud of smoke, clearly visible over the
IGP region which contains micron-sized aerosols,
trace gases (NOx, CO and volatile organic com-
pounds) and secondary species, such as ozone,
peroxy-acetyl nitrate (PAN) and acid rain, can
have a negative impact on human health, envi-
ronment, climate and agricultural crop yield to a
large extent (Galanter et al. 2000; Mittal et al.
2009; Awasthi et al. 2011; Agarwal et al. 2013;
Kaskaoutis et al. 2014; Ashworth et al. 2015; Sinha
et al. 2015).

Furthermore, the pollutant emissions are subject
to alter on account of the changing meteorological
factors playing a critical function in the trans-
port, formation or accumulation of primary and
secondary pollutants, depending on the geograph-
ical and topographical conditions of the region
(Han et al. 2011; Yoo et al. 2011). Possible asso-
ciations among the particulate matter (PM) and
the secondary pollutant (ozone) with meteorologi-
cal parameters can reveal the sources affecting the
chemical generation and deposition of pollutants on
the surface (Tarasova and Karpetchko 2003; Var-
doulakis and Kassomenos 2008; Yoo et al. 2011)
and thereby contribute to air pollution episodes
during CRB periods (Mittal et al. 2009; Kumar
et al. 2016). Hence, the assessment of the behaviour
with PM and ozone levels is obligatory to figure out
the observed trends and to analyse the controlling
nature of meteorology, with regard to the pollution
levels in the city.

For that reason, the air quality in cities has been
statistically correlated with a combination of var-
ious meteorological factors (Banerjee et al. 2011;

Gunthe et al. 2016). Pearson correlation analysis
was performed to determine the relationship
between pollutants and meteorological variables,
and further linear and nonlinear regression analyses
were performed to determine the contribution of
meteorological variables to air pollution and utilise
them in air pollution prediction (Ghazali et al.
2009; Nishant and Kumar 2011; Dubey et al. 2014).
Conclusively, to evaluate the model’s performance,
the predicted and monitored concentrations were
statistically compared.

In this study, we present the measurements of
surface ozone and PM (PM10 and PM2.5) and
meteorological variables (relative humidity (RH),
total solar radiation (SR), average temperature
(AT), rainfall, wind speed (WS) and wind direc-
tion) at Patiala, a semi-urban site, from December
2013 to November 2014. Based on data, temporal
variations and interrelationships of criteria pollu-
tants were characterised and the influence of the
meteorological conditions was analysed. Correla-
tion analysis determined the relationship between
pollutants and meteorological variables. Further-
more, a ranking of meteorological parameters was
done based on their influence on the level of pollu-
tants. Regression analysis was done for the identi-
fication of the best prediction approach for ozone
and PM with meteorology as inputs using ‘R’ soft-
ware (Muezzinoglu 1987; Icaga and Sabah 2009).

2. Site description

The data used in this work were collected from
continuous ambient air quality monitoring station
situated at Thapar University, Patiala (30.35◦N,
76.36◦E, 250 m above mean sea level) with the
expertise of the Indian Institute of Tropical Meteo-
rology (IITM), Pune by Envirotech Online Equip-
ments Pvt. Ltd., Hyderabad on a continuous basis
under the MAPAN (modelling atmospheric pol-
lution and networking) project. The station is
installed on the second floor and the inlet system of
analysers and samplers is installed at the rooftop
(45 feet height) from the ground level. The uni-
versity campus has a chain of buildings including
residential houses and interlinked roads with trees
planted on both sides and scattered grassy lawns.
The observational site is shown in figure 1. As per
the data of the 2011 census, Patiala city had a pop-
ulation of 406,192.

Patiala is situated in the north-western part of
the IGP, close to the Shivalik hills in the east and
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Figure 1. Geographical location of the continuous ambient air quality monitoring station situated at Thapar University,
Patiala (India).

Figure 2. Wind rose plot showing the wind direction, WS and wind frequency in the study area for the period December
2013–November 2014.

the Thar desert in the south-west. It is bounded
by the districts Fatehgarh Sahib and Sahibzada
Ajit Singh Nagar (SAS Nagar), the town Mandi–
Gobindgarh and the union territory of Chandigarh
in the north; the districts of Sangrur (Punjab)
in the west, Jind (Haryana) in the south and
Ambala (Haryana) in the east. The IGP region
experiences four dominant seasons each year: win-
ter (December–February), summer (March–May),
monsoon (June–September) and post-monsoon
(October–November). The climate of the city is

very hot in the summer and very cold in the
winter. The region is generally dry and hot with
a maximum temperature of 43◦C during May.
The monsoon season lasts for 3 months with an
annual rainfall of 600 mm. January is the coldest
month with a mean monthly minimum tempera-
ture of 2◦C.

Wind roses for the corresponding study period
have also been plotted in figure 2 and taken into
consideration while analysing the data. These wind
plots show the wind direction with a frequency
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Figure 3. From December 2013 to November 2014: 24-h averaged daily maximum and daily minimum level of pollutants
(ozone, PM10 and PM2.5) and meteorological variables (RH, SR and daily AT).

of wind blowing along with the WS (m/s) based
on hourly wind data. The length of each ‘spoke’
around the circle is related to the frequency of time
that the wind blows from a particular direction.
The y-axis represents the increasing percentage fre-
quencies of each bin, emanating from zero at the
centre. The fetch region ranges from NNW to SW.
It can be seen that the most prevalent wind direc-
tion at the site is from the NW followed by NNW,
WSW and SW.

Anthropogenic emissions of both trace gases and
aerosols from industries, coal-power plant (Rajpura
road) and vehicles from moderately heavy traf-
fic roads on NH-64 (north-east), NH-1(north) and
state highway no. 8 are present throughout the year
in this region. The burning of agricultural waste
in open fields for crop rotation is a common prac-
tice on a seasonal basis in the north-western region
of the IGP (Gupta et al. 2004; Badarinath et al.

2006; Punia et al. 2008). Intense fire activities were
observed during the post-monsoon season, from the
second week of October until the end of November,
and in summer, from the first week of May until
mid-June.

3. Instrumental methodology

In this study, the daily air quality data of O3, PM10

and PM2.5 and the surface meteorological variables
(WS, wind direction, AT, SR and RH) for the 1-yr
period from December 2013 to November 2014 were
collected using the United States Environmental
Protection Agency (USEPA) equivalent referenced
methods and stored in a data acquisition system.

Ozone is measured using an analyser (Serinus
10 Ozone analyser, Ecotech) based on the non-
dispersive ultraviolet (UV) absorption technology



J. Earth Syst. Sci. (2019) 128:166 Page 5 of 16 166

Figure 3. continued

to measure ozone with an accuracy and precision
of ±1 and 0.5 ppb, respectively, in the range of
0–20 ppm. The analyser incorporates corrections
due to the changes in the temperature and pres-
sure and can be referenced to 0◦C, 20◦C or 25◦C at
1 atm. The daily zero/span checks were done using
a dynamic gas calibrator (Ecotech Gas Cal 1000) in
combination with zero air supply. The ozone levels
were monitored at 5-min intervals and then aver-
aged to calculate the hourly levels.

Measurements of the PM (PM10 and PM2.5)
were carried out using a Met One Instruments
Model BAM-1020 (Chung et al. 2011; Yadav et al.
2017). The filter tape (glass fibre filter) loading
diagram on BAM-1020 is shown in figure SM-
1. It measures and records air-borne particulate
concentration levels using the principle of beta
ray attenuation. The measurement analysers of
PM10 and PM2.5 conform to the USEPA stan-
dards as per FEM (EQPM-0798-122) and class

Figure 4. 24 Hour averaged, daily maximum and daily min-
imum levels of pollutants (Ozone, PM10 and PM2.5) and
meteorological variables (relative humidity, solar radiation
and daily average temperature) from December 2013 to
November 2014
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Table 1. Hourly/monthly averaged ozone concentration observed during 00:00–05:00 and 12:00–17:00 h and its
rate of change.

Month

Average ozone concentration (ppb)

Rate of change of O3/h00:00–05:00 h 12:00–17:00 h

Dec-2013 20.0 ± 11.7 60.0 ± 20.4 3.33

Jan-2014 17.0 ± 7.8 47.2 ± 13.6 2.51

Feb 16.5 ± 9.8 51.1 ± 13.9 2.88

Mar 23.3 ± 7.2 57.2 ± 15.7 2.82

Apr 28.9 ± 8.4 72.2 ± 8.6 3.60

May 36.6 ± 10.5 83.9 ± 14.3 3.94

Jun 35.5 ± 9.9 72.9 ± 15.0 3.11

Jul 21.4 ± 6.9 50.2 ± 16.3 2.40

Aug ER* ER* –

Sep 16.5 ± 7.4 38.6 ± 16.3 1.83

Oct 16.5 ± 7.6 61.0 ± 13.2 3.71

Nov-2014 23.3 ± 9.9 74.1 ± 11.3 4.23

*Error in data.

III FEM (EQPM-0308-170), respectively. The mass
concentration was observed at every 5-min inter-
vals and then stored in the data repository at a 1-h
average. It performs an automatic check of its cal-
ibration (span check) and instrument drift caused
by varying temperature, barometric pressure and
RH on an hourly basis during the operation.

In addition to this, an automatic weather station
model, ME-1310-AWS: Microcomm-ESD, UK was
used to measure the meteorological parameters,
given their measurement accuracy (WS (±0.5 m/s),
wind direction (±3◦), AT (±0.1◦C), SR
(±0.05 W/m2) and RH (±1%)) at the same site
(Ali et al. 2013). The maintenance and calibra-
tion protocols for the ozone analyser, PM monitor,
meteorological sensors and gas calibration system
are mentioned in detail in table SM-1. Average
daily concentrations were calculated only if at least
18 of each day’s hourly concentration values were
available. The data points are within the range
89–98%. The ozone data for the month of August
are not reported due to a technical error in the
analyser. Data analysis used the IBM R© SPSS R©
statistics version 20, ‘R’ software coupled with
OriginPro 8.5 for graphical illustration.

4. Results and discussion

The severity of the impact of air pollution depends
upon two variable factors, i.e., the ambient con-
centration of pollutants and their exposure time.
Daily mean, maxima and minima between each of
ozone, PM10 and PM2.5 levels and meteorological

parameters (SR, AT, RH) drawn for each day
from December 2013 to November 2014 are pre-
sented in figure 3(a–f), respectively. The daily
averaged mean levels of the uncertainty of ozone,
PM10 and PM2.5 ranged from 8.2 to 72.7 ppb
(0.15%), 20.6 to 466.4 μg m−3 (0.06%) and 13.5 to
320.1 μg m−3 (0.14%), respectively, and the mete-
orological variables RH, SR, AT and WS varied
from 33.6% to 94.8%, 68.0 to 366.1 W m−2, 9◦C
to 38◦C, and 0.1 to 7.9 m s−1, respectively. The
annual mean concentration levels of ozone, PM10

and PM2.5 were recorded as 39 ppb, 178 μg
m−3 and 88 μg m−3, respectively. Anthropogenic
emissions from sources such as vehicles, domes-
tic activities, road-dust, construction activity and
industrial processes are released throughout the
year, but the episodic event of post-harvest CRB of
wheat and rice occur during April–May (summer)
and October–November (post-monsoon), respec-
tively. The intermediate period from December to
February (winter) experiences fog formation, the
manifestation of a shallower planetary boundary
layer, emissions from biofuel burning and fossil-fuel
combustion sources and moisture from Western
disturbances.

Figure 4 shows the monthly variation in ozone
levels, and the increase/decrease indicates the sig-
nificant influence of anthropogenic activities, mete-
orological variations and related chemical trans-
formations. The rise and fall in the ozone level
directly correspond to the SR and ambient tem-
perature exposure and inversely to the RH. The
ozone level started increasing from January 2014
and the first maxima appeared in May (56.8
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Table 2. Comparison of ozone levels of ambient air at the Patiala site with those at some other locations in India.

Location Latitude (◦) Longitude (◦) Site type Period of study (mm/yr) Ozone (ppb) References

Patiala 30.35◦N 76.37◦E Semi-urban December 2013–November 2014 38.52 ± 10.58 This study

Agra 27.18◦N 78.02◦E Urban January 2002–December 2002 20.0 ± * Satsangi et al. (2004)

Ahmedabad 23.0◦N 72.60◦E Urban January 2002–December 2002 26.27 ± 10 Sahu and Lal (2006)

Pune 18.53◦N 73.86◦E Urban June 2003–May 2004 30.9 ± 14 Beig et al. (2007)

Anantapur 14.68◦N 77.60◦E Rural January 2010–December 2010 40.7 ± 3.7 Reddy et al. (2013)

Kanpur 26.46◦N 80.33◦E Urban June 2009–May 2013 27.9 ± 17.8 Gaur et al. (2014)

Jabalpur 23.17◦N 79.95◦E Urban January 2014–December 2014 34.0 ± * Sagar et al. (2015)

Udaipur 26.58◦N 73.68◦E Urban April 2011–March 2012 22.420 ± * Yadav et al. (2016)

*Data not reported.

Table 3. Summary of the number of day’s exceedance/total
number of sampling days (December 2013–November 2014)
of the 24-h NAAQS value for the criteria pollutants.

Month PM10 PM2.5 Ozone

December 28/28 29/29 –

January 27/28 25/26 –

February 23/28 24/28 –

March 10/22 6/24 –

April 22/30 3/30 1/30

May 23/25 9/26 10/30

June 29/29 14/29 8/30

July 16/28 7/30 –

August 17/27 4/27 –

September 14/30 3/29 1/30

October 29/30 27/31 –

November 30/30 29/29 –

ppb), followed by decreases until September with a
minimum value of 28.3 ppb in the monsoon sea-
son. The maximum monthly average of ozone
concentration corresponds to minimum RH (34–
70%) and high SR (153–366 W/m2) and daily
ambient temperature (24–34◦C) along with the
emissions of precursor gases (with moisture con-
tent less than 5%) from wheat crop residue burning
(WCRB). The second highest monthly average of
ozone concentration occurred in November (41.8
ppb), corresponding to moderate RH (54–71%), SR
(159–219 W/m2) and daily ambient temperature
(17–25◦C) along with the emissions of precursor
gases (with moisture content 40–50%) from rice
crop residue burning (RCRB). There is a notewor-
thy difference in the amplitude of the two maxima
(May and November) observed during post-harvest
CRB of wheat and rice crops, respectively, which
indicates favourable meteorological conditions, i.e.,
high ambient temperature, SR and low RH for
the photochemical production of ozone in summer
than the post-monsoon season, during the RCRB

period. The daytime average ozone levels and rate
of change in ozone were higher in May and Novem-
ber as compared to the rest of the year, as shown
in table 1. The daily O3max/O3min ratio in the
pollution index, for polluted sites, has values in
excess of 10 while those lower than 1.40 for clean
areas (Sharma et al. 2016). The index value of the
order of 15.60 indicates that the study location
has remarkable ozone pollution. The influence of
short period emissions, due to CRB, along with
favourable meteorology, on ozone production can
be easily observed. A comparison of the level of
ozone in the ambient air of the Patiala site with
that of some other locations in India is reported in
table 2.

Besides trace gases, atmospheric PM is another
species found in the atmosphere as a mixture of
solid and liquid phases suspended in the air. Mass
concentration variation patterns of both PM10

and PM2.5 were similar except for their magni-
tudes throughout the study period which exhibited
distinct seasonal variations. Figure 3(b and c)
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Figure 5. Seasonal (Winter, Summer, Monsoon and Post-
monsoon) diurnal variations of O3, PM10 and PM2.5 levels
during the study period December 2013–November 2014
measured at Patiala.

shows the daily variations in PM10 and PM2.5,
respectively. The levels of both PM10 and PM2.5

are significantly higher than their daily mean

standard limit. The elevated concentration of PMs
results in poor regional and global air quality, along
with a significant impact on climatic processes
including precipitation and cloud formation, and
contributes to the earth radiation budget (Wang
et al. 2011).

Regulatory bodies for the control of pollution
in India, Ministry of Environment, Forest and
Climate Change have set national standards for
the criteria pollutants ozone, PM10 and PM2.5

(National Ambient Air Quality Standards
(NAAQS), as 60 ppb, 100 μg m−3 and 60 μg m−3,
respectively, on a 24-h average basis). As per our
observations, the percentage of days of exceedances
on a 24-h average basis is 77.3% and 53.2% for
PM10 and PM2.5 and 20 days for ozone, respec-
tively. The summary of the data is given in table 3.

For more detailed information about the tempo-
ral variation of the emission sources in the area, a
monthly variation of the PM2.5/PM10 ratios and
their impact on ozone concentrations along with
error bars with one standard deviation are pre-
sented in figure 4. The ratio varies more greatly
at the study site and indicates more complex
and changing PM sources (Blanco-Becerra et al.
2015). The proportion of fine particles in PM10 also
shows great variability ranges from 10% to 42%
with an average value of 25% on a monthly basis.
The proportions of PM2.5 contained within PM10

were almost double in the RCRB period than in
the WCRB period, due to incomplete combustion
occurring at a low-temperature range (10–25◦C)
and limited dispersion due to calm wind conditions.
The pollutants released during RCRB remained
entrapped and showed an after-effect along with
a rise in combustion due to bio-fuel and fossil-fuel
heating which led to the maximum ratio during
winter. The secondary aerosol formation may also
contribute to a fine fraction of PM leading to an
increase in the PM2.5/PM10 ratio in the months of
winter and the post-monsoon season (Raja et al.
2010). The increase in the PM2.5/PM10 ratio cor-
responds to the decrease in the monthly averaged
ozone levels as shown in figure 4. The possible effect
of fine PM on the photochemical oxidant cycle
eventually acts as a filter for ozone (Jacob 2000;
Sharma et al. 2016).

4.1 Diurnal seasonal variability of ozone, PM10

and PM2.5

PMs and ozone pollution periods are not concur-
rent on the seasonal timescale, i.e., higher PM
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Figure 6. (a) Backward trajectories at a 500-m level over Patiala for the study period, (b) clustered trajectory analysis, (c)
PSCF analysis of ozone and (d) CWT analysis of surface ozone during December 2013–November 2014.

concentrations during winter and higher ozone
values are exhibited during the summer season. But
on a diurnal scale, both exhibit time-dependent,
day-to-day variations that are important to get
the information on local pollution conditions. Diur-
nal seasonal variations of ozone, PM10 and PM2.5

for the study period (December 2013–November
2014) are shown in figure 5. The hourly average
values are further averaged on the diurnal scale for
each month and for a particular season to get the
diurnal variations.

For the diurnal ozone profile (figure 5a), a steep
minimum is observed during the early morning
around (06:00–08:00 h, IST) in all seasons of the
year. After 08:00 h, a rise in ozone concentration
is observed and hits maxima around the range of
14:00–16:00 h, IST and starts decreasing after late
afternoon or evening. However, significant ozone
concentration is found throughout the study period
with changes in amplitude during different sea-
sons. A prominent and sharper increase in daytime
maxima of ozone was observed during the post-
monsoon and winter months. This maximum was
broader during the summer and monsoon months.
The prolongation of the peak (resulting in broader
maxima) is a prominent feature of ozone variations
during summer followed by the monsoon season
due to the longer days supported by favourable

meteorological conditions and vertical mixing from
the ozone-rich upper layer until sunset (Reddy
et al. 2012). The highest rate of increase of dO3/dt
during summer following the post-monsoon season
indicated the influence of the increased emission of
precursor gases, especially from the post-harvest
CRB of wheat and rice, respectively.

Mass concentration variation patterns of both
PM10 and PM2.5 were similar except for their mag-
nitudes throughout the study period and exhibited
distinct seasonal variations. The diurnal patterns
of PM10 and PM2.5 show sharp peaks in the
morning (07:00–10:00 h, IST) and evening (17:00–
21:00 h, IST) as shown in figure 5(b and c). In each
season, the lowest concentration was observed dur-
ing afternoon hours (12:00–16:00 h, IST). High lev-
els of concentration of particulates were observed
in winter and post-monsoon seasons followed by
the summer and monsoon seasons. The mass
concentration of PM10 varied between 58 and
381 μg m−3 in winter followed by a significant
dip in summer (31–317 μg m−3) and in the mon-
soon season (20–346 μg m−3). Likewise, the mass
concentration of PM2.5 was markedly higher in
winter (42–270 μg m−3) followed by lower lev-
els in summer (14–98 μg m−3) and in the mon-
soon season (13–76 μg m−3). Thereafter, the mass
concentration rose in the post-monsoon season
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Figure 7. Potential source contribution function (PSCF) and concentration weighted trajectory (CWT) analysis of PM10

(a, b) and PM2.5 (c, d) during December 2013–November 2014.

(71–320 μg m−3) for PM10 and (39–320 μg m−3)
for PM2.5. The morning and evening peaks of
PM2.5 and PM10 coincide with the highest local
emissions from anthropogenic activities associated
with the rush hour. In spite of emissions from vehic-
ular sources at night, the elevated concentrations
of PMs are due to emissions from the incomplete
RCRB (post-monsoon) and fuel combustion of
wood and coal for heating (winter season), followed
by stagnant wind flow leading to the accumula-
tion of pollutants. In the monsoon season, the
transport of cleaner air (prevailing SW winds) and
frequent rainfalls lead to a washout of particulate
pollution.

The backward trajectory plot showed that the
realistic motion of air parcels and their transport
pathways was calculated at 500 m above ground
level (AGL) for the sampling duration and have
been presented in figure 6(a). These groups of tra-
jectories have been clustered together into distinct
groups (clusters) based on the transport speed and
direction, eventually yielding clusters with simi-
lar length and curvature to represent the major
directions of the air mass offering a better concep-
tion of the source regions (Li et al. 2012). Out of
these four clusters, the major percentage contribu-
tion was from cluster 1 (56%), followed by cluster

3 (17%), as shown in figure 6(b). Hence, the major
influx of gaseous and particulate pollutants was
from regional continental land masses to reach the
receptor site and was not significantly influenced
by long-range transport (figure 7). Along with air
clusters, moderate resolution imaging spectrora-
diometer (MODIS) satellite observations of fire
counts in the proximity of the study area during
the study period are shown in figure 6(b).

Furthermore, potential source contribution func-
tion (PSCF) and concentration weighted trajectory
(CWT) analysis was performed to highlight the
source potentials of the studied geographical region
and also to allocate their discrete contribution
to the measured concentrations at the receptor
site (Hopke 2003; Wang et al. 2009; Cheng et al.
2013). It was done using trajectories statistics soft-
ware, TrajStat (version 1.2.2.6). Figures 6(c and
d) and 7(a–d) show the PSCF and CWT analy-
ses for ozone, PM10, and PM2.5, respectively. The
probable source grids span the densely populated
and polluted north-west regions, including parts of
India as Punjab, Haryana and Rajasthan and parts
of Pakistan which contain key oil fields, refiner-
ies and major thermal power plants (Naja et al.
2014; Sharma et al. 2016). Moreover, the enor-
mous amounts of the burning of agricultural crop
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Figure 8. Frequency distributions of PM10 and PM2.5 for different seasons during the study period.

Table 4. Bivariate Pearson correlation coefficient matrix for the 24-h averaged daily levels of pollutants and meteorological
variables.

Correlation

parameters Ozone (ppb) PM10 (ppb) PM2.5 (ppb) Avg. temp (◦C)

Solar radiation

(W/m2) RH (%) WS (m/s)

Ozone 1 0.093 −0.216 0.475** 0.594** −0.814** 0.283**

PM10 1 0.866** −0.073 −0.319** −0.190** −0.376**

PM2.5 1 −0.452** −0.594** −0.207** −0.489**

Avg. temp 1 0.623** −0.583** 0.214**

Solar radiation 1 −0.640** 0.392**

Relative humidity 1 −0.305**

WS 1

*Correlation is significant at the 0.05 level (two-tailed).

**Correlation is significant at the 0.01 level (two-tailed).

residues in these fertile farmlands is a critical issue
(Jain et al. 2014) that has also been adjudged a
contributing factor (Badarinath et al. 2009) to the
high values of gaseous and particulate emissions.

Thus, the air masses flowing from these regions
are bound to bring pollutant-laden gases to the
receptor site and in due course generate secondary
pollutants such as ozone.
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Figure 9. Seasonal variations in daily average levels of ozone, PM10 and PM2.5 along with wind speed during the study
period (December 2013 to November-2014) measured at Patiala.

Table 5. Performance comparison of the linear and nonlinear methods in the prediction of ozone, PM10 and PM2.5 with the
testing dataset.

Models

Ozone PM10 PM2.5

RMSE Corr. R2 Acc% RMSE Corr. R2 Acc% RMSE Corr. R2 Acc%

DT 7.01 0.78 0.61 66 27.97 0.91 0.82 53 14.44 0.94 0.89 67

RF 6.45 0.84 0.71 68 17.94 0.97 0.94 59 10.85 0.97 0.93 66

GLM 5.82 0.87 0.75 74 18.50 0.96 0.92 49 12.16 0.96 0.93 71

NNM 5.82 0.87 0.75 74 18.86 0.96 0.92 46 12.14 0.96 0.93 78

4.2 Frequency distribution of PM10 and PM2.5

The frequency distribution of the mass concen-
trations of PM10 and PM2.5 for different seasons
is shown in figure 8. The hourly PM mass con-
centrations are divided into 15 classes with a bin
size of 40 μg m−3 ranging from 0 to 600 μg m−3.
At higher mass ranges, the frequencies decreased
gradually: 81–120 and 161–200μg m−3 for PM10

and 201–240 and 121–160 μg m−3 for PM2.5

during the post-monsoon and the winter season,
respectively. The major anthropogenic sources of
PMs are the incomplete combustion of bio and fos-
sil fuels. Other sources include agricultural residual
burning, municipal solid waste treatment, con-
struction activities and emission from paved and
unpaved roads. In the post-monsoon and the win-
ter season, the frequencies of both PM10 and PM2.5

were towards higher mass concentration ranges
but during the summer and the monsoon season,
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Figure 10. Predicted versus observed values of (a) ozone (ppb) by the generalised linear model/neural network model, (b)
PM2.5 (μg m−3) by the random forest model and (c) PM10 (μg m−3) by the random forest model.

peak frequencies shifted towards lower mass
concentrations. This feature is caused by significant
fine fraction contribution from the post-harvest
RCRB period post-monsoon, followed by a lim-
ited dispersion of pollutants due to the calm
weather conditions in the winter season. In the
post-monsoon season, the mass fraction for PM2.5

was twice than that of the PM10 for higher ranges,
i.e., from 400 to 600 μg m−3. In the winter sea-
son, the prominent PM fraction is PM10over PM2.5,
due to biofuel and fossil fuel burning for heating
at a lower temperature and calm wind conditions
leading to the trapment of pollutants. The sharp
decrease in mass range was observed in the summer
and monsoon seasons, and peaks were observed in
the lower mass fraction ranges up to 80 μg m−3.

4.3 Correlation analysis of ozone, PM10, and
PM2.5 with meteorological parameters

In order to analyse the relationship between ozone,
PM10 and PM2.5 with meteorological parameters,
the relationship between individual pollutants and
meteorological variables was determined by the
Pearson correlation coefficient (table 4). Daily
variations indicated that the criteria pollutants

were significantly influenced by meteorological
conditions.

Trends in ozone levels show an exact inverse
image of RH (figure 3d), which can be further
justified considering the strong inverse correla-
tion between the two parameters. The positive
correlation (r = 0.475) between ozone and the
ambient temperature is due to the fact that the
sun radiations control the temperature, and hence,
the photolysis efficiency will be high, leading to
the generation of ozone from its precursors such
as hydrocarbons, NOx, etc. A negative correla-
tion (r = −0.814) between the surface ozone and
humidity lies in the fact that with an increase in
humidity levels, the precursor gases are washed
away from the environment, resulting in a decrease
in the production of tropospheric ozone concentra-
tion, the major photochemical path for the removal
of ozone.

Higher levels of humidity slow down the photo-
chemical process due to its association with greater
cloud abundance, atmospheric instability and low
incoming SR (Saini et al. 2014). Also, the sur-
face ozone is depleted through the deposition of its
molecules on water droplets (Londhe et al. 2008).
The positive correlation (r = 0.283) between ozone
and WS indicates ozone transport. The increase of
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WS implies the increasing transport of air, thus the
influence of WS on primary and secondary pollu-
tants is shown in figure 9. In the case of primary
pollutants, it acts as a diluting agent, while ozone
concentration increases due to its transport from
other regions (Dragan et al. 2008). The significant
negative correlation between PM10, PM2.5 and WS
levels indicates the dilution of these air pollutants.
The extent of correlation is high for PM2.5 (r =
−0.489) as compared to PM10 (r = −0.376); hence,
the impact of WS is more on PM2.5 rather than the
large-sized PM10. The decrease in SR levels and
AT is associated with stagnant atmospheric condi-
tions and an increase in PM levels (Barmpadimos
et al. 2012; Zhao et al. 2014). PM10 and PM2.5

also exhibit a high degree of significant positive
correlation (r = 0.866).

Since some of the considered meteorological vari-
ables (features) have higher importance than oth-
ers in the prediction, ranking (feature importance)
was done according to the weightage with the use
of ‘R’ software. It is found that RH has the high-
est ranking for ozone and PM10 while WS has the
lowest rank in all three cases.

4.4 Linear and nonlinear prediction models:
performance and validation

Here, the generalised linear model (GLM) and
nonlinear models (decision tree (DT), random for-
est (RF) and neural network (NN) models) were
applied to the criteria pollutants (ozone, PM10 and
PM2.5) by using the input of four meteorological
variables (RH, SR, AT and WS), and their hourly
predictions, performance on the basis of RMSE,
correlation coefficient, R2 and accuracy were eval-
uated using ‘R’ open source software. A detailed
description of the used models is available (Cham-
bers 1977; Quinlan 1986; Riedmmiller and Braun
1993; Liaw and Wiener 2002), and although there
are various ways to measure the performance of
the prediction model, some are more suitable than
others, depending upon the application considered.

The distribution of data in the training–testing
experiment was optimised to 70% and 30%, respec-
tively, for all methods. Table 5 shows the compar-
ative performance of all methods in the prediction
of ozone, PM10 and PM2.5 on the basis of RMSE,
correlation, R2 and accuracy using 1000 iterations.
The performance result shows that the GLM and
NNM methods are considered more efficient than
other methods for ozone and the RF method is
efficient for PM10 and PM2.5. Figure 10 shows the

scatter plots of the predicted versus the observed
values of ozone, PM10 and PM2.5 for the outper-
formed model. The 10-fold cross-validation is used
to measure the robustness of the GLM and NNM
models for the ozone and RF model for PM. Cross-
validation results show the uniform performance
on all model evaluation parameters shown in fig-
ure SM-2. The linear (GLM) and the nonlinear
model (NNM) resulted in very good performance
for ozone as compared to the PM levels by the
nonlinear model (RF). The ozone levels are rea-
sonably explained even in the absence of precursor
emission levels.

5. Conclusions

Diurnal and seasonal variations of ozone and PMs
indicate a critical rise in the level of pollutants in
the area due to CRB events, along with the deci-
sive role of meteorological factors in the formation
and buildup of primary and secondary pollutants.
Statistical analyses of data on the interdependence
of meteorological parameters indicate that the rate
of ozone production was the highest during the
post-harvest fire period (3.94 ppb of O3/h in May
and 4.23 ppb of O3/h in November) leading to a
remarkable ozone pollution index (15.60) in the
area. The proportions of PM2.5 contained within
PM10 were almost double in the RCRB period
than in the WCRB period, due to incomplete
combustion occurring at a low temperature range
(10–25◦C) and limited dispersion due to calm wind
conditions. The higher ratios of PM2.5/PM10 can
be attributed to the prevalent particle pollution
from anthropogenic sources such as agricultural
and biofuel burning, vehicular exhaust, industrial
process and construction activities, and smaller
ratios can be attributed to particle pollution from
natural sources, transport of aged pollutants and
windblown dust. Days of exceedances of PM10,
PM2.5 and O3 levels from those of the standard
levels of NAAQS exceeded by 77.3%, 53.2% and 20
days during the study period.

For O3 and PM10, RH has the highest
influence, while WS has the lowest rank in all three
cases. Numerical simulation with a linear model
(GLM) and nonlinear models (DT, RF and NNM)
using meteorology as the input shows that the
GLM and NNM methods outperform other meth-
ods with regard to hourly ozone predictions while
RF outperforms other methods with regard to the
hourly predictions of PM10 and PM2.5. A 10-fold
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cross-validation shows the uniform performance on
all model evaluation parameters. To assess the
seriousness of the increase in pollution levels due
to episodic events and to take further preven-
tive measures, short-term forecasting of air quality
is needed.
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