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Abstract

This study investigates the existing diurnal as well as night time surface ozone concentration trend over
Delhi between 1990 and 2012. Secondary data obtained from the National Data Centre (NDC) of the
India Meteorological Department (IMD) was analysed to assess the trend in the surface and night-time
ozone concentration. This was further used to forecast the variation in the night-time ozone concentration
over the city till 2025. A significantly increasing trend of the night-time ozone concentration was observed
between 1990 and 2012 evidenced by a +0.158 value of the Mann Kendall test. Moreover, the forecasting
of the variations conducted using the Autoregressive Integrated Moving Average (ARIMA) model revealed
that the concentration of night-time ozone is expected to increase between the period of 2013 and 2025
if the current trend continues. This is the first study to conduct a trend analysis of night-time ozone
concentration for a duration of three decades in the NCT of Delhi. Considering the negative impacts of
elevated levels of ozone on the health status of individuals, agricultural productivity and air quality of the
city, the present study highlights that it is imperative to take concentrated actions to curb the release of

anthropogenic precursors of surface ozone.
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Introduction

Tropospheric ozone has been regarded as a major global
concern owing to its adverse effects on the environment,
human health and vegetation when present at elevated
levels in the atmosphere (Monks ez al. 2015; Shukla ez
al. 2016; Cailleret ez al., 2018; Fleming ez al., 2018).
It is a reactive oxidant gas present in trace amount in
the earth’s atmosphere (Crutzen, 1988; Kulkarni e 4.,
2013; Akritidis et al., 2016; Sicard et al., 2016) and has
been attributed as one of the major contributors to the
global phenomenon of climate change (IPCC, 2007;
Hayashida ez a/., 2018). Even though the concentration
of ozone in the troposphere is miniscule in comparison
to that found in the stratosphere, yet it is an important

greenhouse gas, a significant precursor of hydroxyl
radical and a surface pollutant (Hu ez /. 2017; Sharma
and Khare 2017). The levels of tropospheric ozone in
the atmosphere has witnessed a steady increase over the
years which can be largely attributed to anthropogenic
activities (Karthik L er a/. 2017; Derwent et al. 2018;
Diaz et al. 2018; Hayashida ez 4/. 2018). For instance,
in the post industrialised era, the average ozone mixing
ratios has elevated from 20 ppb to 100 ppb in the lower
atmosphere (Seinfeld and Pandis 2012). Moreover,
it has been estimated that the global concentration
of surface ozone is increasing at a rate of 0.32% per
year which can be primarily ascribed to the increased
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dependence on fossil fuels (Karthik L e 2l 2017). It
has also been observed that several countries across the
world are experiencing elevated levels of surface ozone
(Cooper et al. 2014; Derwent et al. 2018) which has
gained attention of many researchers across the world. It
has been well known that surface ozone shows a typical
diurnal pattern in the urban and suburban settings
with high concentration during the day, followed by a
sharp decrease during the late afternoon and reaching
to the lowest values at night (Jenkin and Clemitshaw
2000; Eliasson e al. 2003; Sousa et 2/. 2011).
Considering the erratic increase in the level of
urbanisation and increased dependence on fossil fuels,
the trend in the concentration of ozone has witnessed
a variation from its usual diurnal pattern (Karthik L ez
al. 2017; Peshin ez al. 2017). It has been reported by
numerous studies that the concentration of night-time
ozone has witnessed a steady rise in recent past in urban
areas across the globe. For instance, (Awang ez al. 2015)
reported that night time concentration of ozone at
Kemaman, Malaysia reveals an increasing trend over the
years 1990 and 2010, which can be dominantly ascribed
to the its precursors liberated due to anthropogenic
activities and the meteorological conditions of the city
during the time of examination. A similar trend of
night-time enhancements of ozone has been observed
majorly due to lowering of jet streams in Huntsville
(Kuang et al. 2011). A recent study conducted by
(Ghosh ez al. 2013) examined the frequency of night-
time ozone over a period of 6 months (October, 2010
— April, 2011) in Kolkata and observed that there was
a steady rise in the concentrations which could be
attributed to the horizontal long range transport system
of the city. This ever increasing trend of night-time
ozone concentrations in the atmosphere has become a
cause of concern for many researchers and policy makers
throughout the world (Mavrakis ez /. 2010; Ghosh ez
al. 2013; Awang ez al. 2015a).

In view of this, concerted efforts have been undertaken
by many researchers in order to understand the reasons
associated with this perplexing trend. It has been
highlighted that anthropogenic emissions of night-time
precursors of ozone is one of the major contributors
of the increasing levels of night-time ozone in the
atmosphere (Ghosh ez al. 2013; Awang er al. 2015b).
In addition to this, the generally stable nocturnal
boundary layer and calm meteorological conditions at
night have been acknowledged to facilitate the building
up of night-time ozone as residual to the daytime
formed ozone (Mavrakis et 4/, 2010). In addition to
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this, there have been studies conducted in past that
have reported that stratospheric ozone intrusion could
be considered as one of the factors leading to an increase
in the levels of surface ozone as well as night-time ozone
in the atmosphere (Mavrakis e a/., 2010; Hayashida
et al., 2015). Even though numerous studies have
attempted to understand this trend, yet there exists a
lack in literature that provides consensus on the reasons
associated with the increasing trend of night-time ozone
in the atmosphere. (Sousa ez al., 2011; Awang et al.,
2015a; Sharma et al., 2016a; Yadav et al., 2016).

The present study aims to supplement the existing
literature by assessing the trend of the night-time ozone
levels in one of the biggest metropolitan cities of the
developing world, i.e., Delhi. The city being the centre
of socio-economic, cultural and political activities of
India is in the phase of drastic transformation (Sharma
et al., 2016a). Owing to the rapid urbanisation and
population explosion, the city has observed tremendous
increase in the employment, housing and transportation
demands. This has led to an increased dependence on
fossil fuels which has further supplemented the ever
increasing problem of air pollution in the city (Aggarwal
and Jain, 2016). In addition to the primary pollutants,
numerous studies have reported a steady increase in the
levels of secondary air pollutants like ozone in the Delhi
region (Kumar ez al., 2015; Peshin ez al., 2017). Thus,
the current situation of the levels of surface ozone in
Delhi renders it to be one of the important examples to
evaluate the trend of night-time ozone concentrations.
In view of this, the focus of the current study is to
understand the night-time residual ozone variation over
the period (1990 to 2012) in Delhi region and further
understand the variations in the future concentrations
using statistical analysis with an aim to enrich the
exiting research gap in this regard.

Materials and Methods

The following section of the paper highlights the
methodology adopted to conduct the present study.
The study is primarily a comprehensive assessment
of secondary data to assess the variation in the
concentration of surface ozone and night-time ozone
over a period of two decades. The study also forecasts
the concentration levels of ozone over a period of 2013
to 2025 in order to demonstrate the probable change
in the night-time concentration levels. An overview of
the overall methodological approach adopted has been
depicted in figure 1.
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Figure 1. Methodological framework for surface ozone mapping.

Data Description and Data Collection

The study uses secondary data of ozone concentration
monitored and recorded by the India Meteorological
Department (IMD). Continuous hourly records of
the surface ozone over Delhi were obtained from the
National Data Centre (NDC) of IMD for the period
of 1990 to 2012. The data has been obtained from
IMD owing to the fact that it has been capturing the
variations in the concentration of surface ozone since a
very long time and hence could provide a dataset of past
two decades. The quality of the dataset is pre-checked
by IMD, however in order to validate the dataset pre-
processing was carried out using linear interpolation
method (Norazian et 2/. 2007).

Data Analysis and Forecasting

The secondary data gathered was first analysed using
descriptive statistical techniques to understand the
behaviour of data and the trends in the concentration
of surface ozone. This understanding was further used
to forecast the trend of ozone levels until the year 2025.

Statistical analysis of the data was performed using
Microsoft Excel 2016.

Descriptive Analysis. Climatological anomalies were
generated for the data over the period of 1990 to 2012
in order to understand the overall deviation in the ozone
concentration from the mean values. The anomalies
were formulated for the annual average concentration
of surface ozone over the entire time period and
specifically for the night time, i.e., 20:00 to 06:00 hours
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for the same duration. The monthly average variation
in the ozone concentration for the study period was
also estimated and depicted using box-and-whisker
plot. In addition to this, seasonal variation in the night-
time ozone concentration levels was also mapped in
order to get a better understanding about the influence
of meteorological conditions in the accumulation of
surface ozone during night time. The seasonal trend
was depicted using scatter plot to highlight the observed
variations in surface ozone concentrations.

Trend Analysis: Mann-Kendall (MK) Test and Theil-
Sen Median Slope Evaluation. The study adopted a
two-phase evaluation strategy to undertake the trend
analysis of the data. The following section of the paper
elaborates upon the statistical tools applied to evaluate
and validate the trend in the surface ozone concentration
levels over a period of 1990 to 2012.

Mann-Kendall (MK) Test. The first phase employed
a non-parametric Mann-Kendall (MK) test in order
to generate a trend in the observed data points. The
MK test is a commonly employed technique to detect
monotonic trends in series of environmental data and
climate data (Chattopadhyay ez al. 2012; Lefohn ez
al. 2018). The test follows the principle of hypothesis
testing and proposes a null and alternate hypothesis
which is tested on the basis of the MK test statistic S
as defined in equation 1 (McBean and Motiee 2008;
Narayanan e /. 2013). The null hypothesis H states
that the data series is independent and identically
distributed whereas, alternative hypothesis H_ states
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existence of a trend. The values of the MK statistics can
be either positive, negative or null which indicate the
direction of the trend in the dataset.

n—1
§= Z:‘:l E?:Hl(‘ﬂf'-":) [1]

where xj is the sequential data series, 7 is the length of
the data set and

Lif(x; > x)
Sign (x) —{0 ifix, = x)
-1 if(x; < x)

Mann Kendall test results are supposed to be normally

distributed for n > 8 with mean and variance described

as:

ES)=0

1 (n-1) (2n5) + 3t (1-1) (24+5)
18

(S = (2]

where #is the number of ties present with I as an extent.
The standardised Z statistic is computed by:

The standard MK statistic Z follows the standard
normal distribution with zero mean and unit variance.

Theil and Sen’s median slope estimator. The second phase
of the analysis aimed at estimating the magnitude of
the observed trend. Theil-Sen median slope estimator,
which is considered to be one of the most popular non-
parametric technique to estimate a linear trend (Lefohn
et al. 2018) was used to calculate the magnitude of the
trend obtained by the MK test. The fact that this test
is not influenced by outliers renders it to be a robust
estimate of the trend (Narayanan ez /. 2013). It has
been reported that the trends which have statistical
significance might not have practical significance and
vice versa (Yue and Hashino 2003), hence the practical
significance of trend was assessed by estimating the
Theil and Sen’s median slope. Slope estimates of N pairs
of data were first computed using equation [3].

Qi=(xj—xl)/(j—k)fori=1,n [3]
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Here, x. and x, are data values at time j and £ (j>). The
median of the N values of Q, is the Sen’s estimator of
slope where:

N=nm-)/2 [4]

Ozone Forecasting: ARIMA Model. An autoregressive
integrated moving average (ARIMA) model was used to
forecast monthly mean ozone values for the years 2013
t0 2025. ARIMA model approach consists of three steps,
firstbeing model identification which involves time series
examination of the data, second is the model parameter
estimation which examines the autocorrelation function
(ACF) and partial autocorrelation function (PACF)
of the time series, which is followed by diagnostic
checking of the fitted model (Kumar ez a/. 2004). The
time series method of Box and Jenkins ARIMA (1976)
is a commonly used technique for forecasting ozone
concentrations (Robeson and Steyn 1990). The model
allows easier approach by predicting future values as a
product of several past observations and random errors
(Yurekli et al. 2007).

Mathematical expressions used for ARIMA forecast
used as explained in (Robeson and Steyn 1990) are
explained as follows;

Given w, being differenced original series

w=gw,  ++ oW, +ta - 61‘1[.1’ - Oqa[_q [5]

The autoregressive (#) and moving average (6) model
parameters are determined either by maximum
likelihood or least squares estimation. The effects
of all factors other than past time series values are
incorporated into the ‘random shock’ term, (a). Proper
model identification should result in an (z) series that
is normally and independently distributed with a mean
value of approximately zero.

Results and Discussions

Descriptive Analysis
Overview of the trends of surface ozone concentrations
over Delhi between 1990 and 2012.

Climatological Anomalies. The annual climatological
anomalies generated for the period of 1990 and 2012
revealed that there has been a gradual increase in the
overall concentration levels of surface ozone over the
years as depicted in figure 2.
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Figure 2. Climatological anomalies for the duration 1990 ro 2012.

It was observed that ozone concentration values had
a positive deviation for sixteen out of the twenty-
three years ranging from +2.12 ppb in the year 1991
to +29.91 ppb in the year 2007. Moreover, a dramatic
increase in the ozone concentrations was observed
after the year 1998 and most of the values witnessed a
positive deviation thereafter as evident from the figure.
A comparison between the climatological anomalies for
the years 1994 to 1997 and the values after the year
1998 verified that there has been a sudden jump in the
surface ozone concentration values post 1998.

Further, in the years 2007 and 2012, the values were
found to be much higher than the averaged normal,
thus indicating an incremental trend in the surface
ozone levels in Delhi. A similar incremental trend in the
surface ozone concentration levels over Delhi has been
reported by (Peshin ez /. 2017). The study conducted
a continuous real time monitoring of surface ozone and
other gaseous air pollutants for the period October 2010
to December 2014 within a network of eight air quality
monitoring stations covering an area of 2000 km?. The
study highlighted that there has been a considerable
increase in the surface ozone concentration levels in
the city over this period which can be attributed to
large scale anthropogenic emissions in the surrounding
regions of study site. In addition to this, there exists
a quantum of literature that supplements the fact that
there has been a dramatic increase in the levels of surface
ozone over Delhi region which can be attributed to
anthropogenic activities (Tiwari ez a/. 2015; Sharma ez
al. 2016a, b; Supriya and Madhoolika 2018). Moreover,
Delhi being at the cusp of drastic transformation has
witnessed dramatic increase in its mobility demands
which has increased the dependence on private modes
of transportation as evident from the fact that the
number of registered vehicles in the city increase at a
rate of 10 percent per year (Mohan ez al. 2009). This
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ever increasing private vehicle dependence has become
the urban emission hotspots and can be considered as a
major cause of the increased levels of ozone precursors
in the atmosphere (Peshin ez a/. 2017). Furthermore, the
implementation of CNG scheme in Delhi aggravated
the concentration of ozone precursors like NO _in the
atmosphere (Goyal and Sidhartha 2003), which could
be considered as one of the explanatory reasons for the
increasing trend of surface ozone concentrations in the
city (Saxena and Ghosh 2010).

In addition to this, annual climatological anomalies
were also generated to observe a trend in the night-time
surface ozone concentration for the study region. The
results of the analysis revealed a similar increasing trend
in the night-time ozone concentration levels as evident
from figure 3.

A prominent incremental increase ranging from 5 ppb to
13 ppb were found during 2001-2010, indicating a 160
% increase in night-time surface ozone concentration
during this period. It is relevant to point out that most
of the existing studies predict the variations in the
day time surface ozone concentration, however not
much attention has been paid on the variations in the
night-time ozone levels. Most of the studies focus on
estimating the day time ozone concentration levels
owing to the fact that the conducive environment for
the formation of ozone is not available during night
(Sharma et al. 2016a, c; Yadav et a/. 2016). However,
a few studies have reported that the concentration of
night-time ozone levels has witnessed an increase in
urban areas across the world which could be attributed
to numerous meteorological factors (Li e al. 2016;
Sicard ez al. 2016). This incremental change of observed
night-time ozone could be linked to various factors like
temperature inversions allowing the Residual Ozone
(RO) to build up amidst the already increased day
time ozone concentration (Brandvold et al. 1996).
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Additionally, synoptic meteorological phenomenon,
such as height of nocturnal boundary layer which
changes with respect to time further allows deposition
of surface ozone at night (Mavrakis ez /. 2010). Within
this boundary layer, ozone remains high resulting in
formation of the ozone reservoir at a constant level

throughout the night near the ground surface (Neu ez
al. 1994; Mavrakis ez al. 2010). Also, the temperature
inversions isolate the surface ozone level with that of the
upper levels allowing no or very less mixing resulting in
dry deposition of night-time ozone (Aneja ez 2/. 2000b).

Figure 3. Night time (20:00 to 06:00 hours) climatological anomalies for the duration 1990 to

2012.

Monthly average variation of tropospheric ozone.
The monthly variations of the average concentration of

surface ozone over Delhi region for the period of 1990
to 2012 have been depicted in figure 4.

Figure 4. Box and whiskers plot of surface ozone concentration for the duration 1990 to 2012.

The results of the analysis revealed that the variation
in the surface ozone levels followed the anticipated
trend of high accumulation during summer months
in comparison to that of winter months, as reported
by numerous studies conducted in past (Aneja et al.
2000a; Bloomer er al. 2009; Reddy 2012; Peshin
et al. 2017). The trend highlighted that monthly
maximum was observed during the months of May and
June which could be attributed to the relatively high
temperatures reported in these months due to longer
sunlight hours. It was also observed that the ozone
levels in the months of July and August observed the
minimum values which can be related to the increased
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levels of humidity in the atmosphere. In addition
to this, rain washouts of pollutants and insufficient
sunshine for the photochemical production of surface
ozone during these months caused the monthly average
surface ozone concentration to decline and reach as low
as 5 ppb. However, in the post monsoon months the
levels of surface ozone doubled and reached 10 ppb
demonstrating the effect of meteorological conditions
on the accumulation of ozone in the atmosphere. This
anticipated increase in ozone levels could be primarily
associated with the less cloud interference and longer
duration of sunlight reaching the ground surface.
Similar trends of the monthly variation of surface ozone
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concentrations in Delhi have been reported by Sharma
et al. (2016) and (Ali ez 2/. 2012) wherein the maximum
average mixing ratios of surface O, were reported in the
summer months while minimum values were observed
in winter months.

Seasonal Variation of night time ozone concentration.
Figure 5 represents the annual average variability of
night-time ozone in Delhi for the period of 1990 to
2012. The overall concentration of night-time ozone
in the atmosphere has witnessed a steady increase over
the years. For instance, the mean summer night-time
surface ozone concentration exceeded 18 ppb in 2010,

which is almost twice to the levels of 2007, whereas
constant mean concentration varied between 3 to 4
ppb throughout the duration as evident from the above
figure. The results also revealed that the pre-monsoon
and summer months represented by March, April and
May (MAM) had the highest accumulation of night-
time ozone. Moreover, an orderly positive incremental
change in the ozone concentrations was observed
during post monsoon months (September, October and
November). This reversal of trend could be primarily
attributed to calm wind and low moisture conditions
along with anthropogenic precursors allowing day time
ozone to accumulate as RO during the night-time.

Figure 5. Seasonal Variation of Night Time Ozone concentration (ppb) for the duration 1990 to 2012.

Trend Analysis

Trends in the concentration of day time surface
ozone over Delhi region between 1990 and 2012.
The results of the statistical validation of the trend
of surface ozone concentrations over Delhi between
1990 and 2012 conducted using the MK test revealed
that a statistically significant trend was observed in the
variation of ozone levels for all the months except for
February (a=5%). Kendall’s tau (t), i.e., coefficient
of variation for the average monthly concentration of
surface ozone levels over this period is represented in
figure 6(a). The values of the Kendall’s tau coefficient
and Sen’s slope have been elaborately presented in
table 1.

The results of the analysis highlighted a positive
increase of ~211% in the ozone concentration levels
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between 1991 and 2001 while a ~79% increase over
the next decade i.e., from 2001 to 2010 over Delhi
region. The overall results of the MK test have been
summarized in table 1 highlighting a positive trend in
the variation of ozone concentration over Delhi during
the study period. In order to gaze the magnitude of
variation in the observed trend, Sen’s slope was
estimated for all the months during the study period,
i.e., between 1990 and 2012. The results of the Sen’s
slope have been represented in figure 6(b) to provide
a pictorial representation of the observed positive
trend of ozone concentration levels.

As evident from the figure, magnitude of the obtained
trend was maximum for the summer months (April
and June), while minimum values of Sen’s slope
were reported in the winter months (December and
January) for the duration of analysis between 1990
and 2012.
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Month Standard ~ Kendall’s S Sen’s Trend Table 1 7he
Deviation tau Slope Significance  wvalues of the

January 5.568 0.427 89 0.388  Significant Kendall's tau
February 3.403 0.338 46 0.357  Not Significant coefficient and
March 7.113 0.427 73 0.708  Significant Sen’ slope.
April 9.099 0.505 96 1.077  Significant
May 8.653 0.400 76 0.901  Significant
June 9.366 0.532 91 1.041  Significant
July 7.593 0.467 56 0.799  Significant
August 6.431 0.359 55 0.403  Significant
September 9.327 0.484 92 0.613  Significant
October 8.799 0.532 91 0.733  Significant
November 5.529 0.600 114 0.419  Significant
December 6.399 0.543 114 0.298  Significant

Similar results have been reported by (Lefohn ez al.
2018) in which the authors have applied MK test and
Theil and Sen’s Slope methods to estimate the trend
in the global surface ozone concentration. The study

(a)

also reports that the concentration of surface ozone is
relatively high in the summer months in comparison to
that of winter months.

(b)

Figure 6. (a) Kendall coefficient of correlation (t) and Sen’s slope (b) obtained for each month.

Trends in the concentration of night time surface
ozone over Delhi region between 1990 and 2012. The
analysis of the trend for the night-time surface ozone
concentration over Delhi region for the study period
also revealed an increasing trend as highlighted in the
previous section of the paper. The MK test generated
a value of 0.503 of the Kendall’s tau coefficient, which
depicted a statistically significant increasing trend
in the concentration of night-time ozone over the
study region between 1990 and 2012. Furthermore,
a positive value of 0.158 of the Sen’s slope validated a
positive trend observed in the analysis. The results of the
current study highlight a key point that even though
ozone is photolytic in nature, yet its concentration is

29

increasing in the atmosphere even in the absence of
sunlight in the study area. This perplexing trend of
surface ozone presents an arena of further research in
this regard. It is relevant to point out that since this
increasing trend of the night-time ozone concentration
levels cannot be explained by trend statistics, hence
further investigation considering the tropospheric
and stratospheric chemistry, synoptic behaviour of
atmosphere, meteorological parameters and availability
of day time precursors and residual concentrations
including novel night-time ozone formation process,
need to be considered in order to explain incremental
increase of night-time surface ozone (Banta ez a/. 1998).
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Ozone Forecasting: Predicted future trend of the
annual surface ozone concentration over Delhi till

2025

The forecast by the ARIMA model highlighted an

increasing trend in the concentration of surface ozone

over Delhi between 2013 and 2025. The quantitative
results of ARIMA model have been elaborately presented
in table 2, while a diagrammatic representation of the
variation in the average monthly ozone concentration
levels till the year 2025 have been depicted in figure 7.

Table 2. ARIMA model parameters and RMSE values for 1990 to 2025

Fit Statistic Mean SE Min Max Percendile
5 10 25 50 75 90 95

;ﬁﬁgj‘g 0.497 0.335 -0.034 0.844 -0.034 -0.005 0.136 0.632 0.783  0.844  0.844
R- squared 0.247 011 -0.028  0.394 -0.028 0.024 0.189 0281 0315 0372 039
RMSE 6.349 1.54 3.086 8445  3.08 357 5.083 6489 7.487 8294  8.445
MAPE 284.58 15244 5374 64536 5374 6273 2085 269.7 3542 562.63 645.36
MaxAPE 237673  2036.99 273.81 7655.72 273.82 279.98 1083.5 1707 3586 G6499.6 7655.7
MAE 4217 1.045 2367 5527 236 256 3222 4266 5332 5504 5.2
Max AE 16.237 5748 6233 25752 623 7.69 1206 1596 20.81 2540  25.75
E{’émahzed 387 0602 242 4567 242 268 3465 4006 4271 453 456

Figure 7. ARIMA Modelling forecast for the duration of 1990 to 2025.
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The annual forecast revealed an increase in the surface
ozone concentration over the succeeding years (2013
to 2025) reaching more than 30 ppb by the year 2025
for the summer months. The visual interpretation of
the results of ARIMA model depict a good fit to the

tropospheric ozone in all the seasons as evident from
the figure. The forecast results of the variation in the
night-time ozone (20:00 hours to 06:00 hours) also
revealed an increasing trend for the succeeding years,
i.e., between 2013 and 2025 as represented in figure 8.

Figure 8. ARIMA Modelling forecast for the Night time (20:00 hours to 06:00 hours) ozone concentration for the

duration of 1990 to 2025.

The figure clearly depicts that the concentration of
night-time ozone will increase between these years
and might reach up to 10 ppb by the year 2025.
The predicted increase in the night-time ozone
concentration levels over Delhi has become a cause of
concern for the researchers and policy makers owing to
the fact that there are numerous negative externalities
associated with the increased levels of surface ozone
concentrations. The increased levels of night-time ozone
is sure to impact the overall agricultural productivity as
well the health of the residents of the city (Singh ez
al. 2009) thus, making it imperative to understand the
reasons associated with this increasing trend in order to
curb the problem.

Summary and Conclusions

The tremendous increase in the levels of population and
urbanisation coupled with the increased dependence on
fossil fuels over the last two decades has deteriorated the
air quality of Delhi. The city has witnessed a tremendous
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increase in the concentrations of both primary as well
as secondary pollutants in the atmosphere. The present
study evaluated the trends of ozone concentration over
a period of three decades in Delhi. Of late surface ozone
has become a cause of concern for researchers all across
the world owing to its ill effects on human health and
agricultural productivity. Thus, an effort was made
to evaluate the trend of surface ozone concentrations
over Delhi in order to identify the various sources of
the pollutants in the city. The results of the long-term
analysis of surface ozone revealed an increasing trend in
the day time as well as night time ozone concentration
over Delhi region. Moreover, anomaly variation
suggested that post 1998 there has been a significant
positive increase in the day time and night-time surface
ozone concentration where deviation from the mean
reached 29.91 ppb for 2007 (day time) and 10ppb for
2010 (night-time).

The annual average distribution of data for the period
of 1990 to 2012 highlighted a gradual increase in

ozone concentration over the study area. An increasing
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trend was also observed for the mean night-time ozone
concentration which exceeded 18 ppb in 2010, while
the mean concentration varied between 3 to 4 ppb
throughout the period of analysis. The observed trends
suggest that there exists a direct relationship between
the day time concentrations and the increased night-
time surface ozone levels. The increasing trend observed
was verified by the Mann Kendall test, which revealed
a statistically significant trend at 95% significance level
with +0.158 value of the Sen’s slope. Considering the
implications of elevated levels of surface ozone in the
atmosphere, the present study forecasted the trend of
both surface as well as night-time ozone concentration
levels over Delhi till the year 2025 using the ARIMA
model. The results of the model revealed an increasing
trend of the of both surface and night-time ozone
concentration levels between 2013 and 2025. The trend
analysis and literature review conducted in this study
suggest that numerous factors could be attributed to the
increased and increasing levels of night-time ozone levels
in the city. Therefore, the emphasis of the current study
is to understand the importance of identifying various
sources and limiting the increasing concentration of
surface ozone in the city. Moreover, it is relevant to point
out that there exists significant amount of literature that
explains the variation of day-time surface ozone, but the
night-time variations and chemistry of ozone formation
are often neglected. Hence, the current study is an
attempt to understand this variation and demonstrate
the factors attributable to the increased trend of surface
ozone concentration in Delhi city. Moreover, this study
is one of the important contribution which will pave
the path for the discussions on the role of residual ozone
accumulation and role of night-time chemistry and
meteorology in understanding the impact of surface
ozone on agriculture, climate and human health.
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