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Abstract: Fourteen Indian cities, including urban and rural locations, were chosen for the present
study across India, with unhealthy air quality based on National Air Quality Index (NAQI > 100).
However, it was found that NAQI values over the locations are driven by the undifferentiated mass
concentration of particulate matter (PM, both PM10 and PM2.5) than other criteria pollutants. The
PM2.5 and PM10 concentration during the winter violated the National Ambient Air Quality Standards
(NAAQS) of India by two to five times at six urban locations, with the mean daily PM2.5 concentration
averaged over the month; the the largest being at Patna (353 µg m–3) during the winter and lowest at
Bengaluru (27 µg m–3) during the summer. The analysis of chemical species, in general, indicated NO2

(SO2, CO) as having a 25% to 70% (16% to 50%, 16% to 85%) increase in concentration from the summer
to winter, which is adequately reflected in higher fuzzy scores during the winter. Thus, to provide a
realistic approach to air quality management, the present study focuses on identifying priority-based
locations requiring immediate mitigation measures by developing a Prioritized Clean Air Assessment
Tool (PCAT). The tool utilizes a fuzzy-based algorithm to incorporate the cumulative effect of all six
criteria pollutants, taking into consideration the severity of their expected health implications. Using
PCAT, Delhi and Varanasi cities are identified for prioritized mitigation considering the NAAQS of
India, unlike all cities (except Bengaluru) during the winter and nine out of fourteen cities during the
summer, considering the NAQI. Using more stringent WHO guideline values in PCAT, six cities out
of fourteen were identified requiring immediate mitigation during the winter and summer months;
locations such as Solapur and Patna are identified to need season-specific mitigation measures during
the summer and winter, respectively. The tool is simplistic, user-friendly, and quickly evaluates
multiple locations simultaneously to provide priority sites.

Keywords: air quality index; air quality assessment; mitigation; air pollution; India; permissible limit

1. Introduction

Air pollution in the 21st century is largely contributed to by anthropogenic activities
such as industrialization, the increased number of automobiles every year, and urbaniza-
tion. Significant air pollution occurs due to the presence of six criteria pollutants, namely
particulate matter (PM10 and PM2.5), sulfur dioxide (SO2), carbon monoxide (CO), nitrogen
dioxide (NO2) and ground-level ozone (O3), classified by the United States Environmental
Protection Agency (USEPA) [1]. However, in recent studies, other emerging pollutants have
also been found to play an important role [2,3]. An Air Quality Index (AQI) that provides a
reliable assessment and classification of air quality is essential to address the burden of the
pollutants in the atmosphere and their subsequent health impacts. The indices help in a
better perception of the current air pollution scenario.
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The National Air Quality Index (NAQI) was developed by the Central Pollution
Control Board (CPCB) of India in 2014 to disseminate information on air quality in an
easily understandable form for the general public [4]. NAQI is frequently used for the mass
sensitization of poor air. It considers six major air pollutants, namely, SO2, NO2, CO, PM10,
PM2.5 and O3 for calculation of the index value. The NAQI method works on maximum
operator function, is simplistic and fast, and thus can be used as a quick analysis tool for
classifying cities with high pollution. Although the method is quick, it does not account
for the combined effect of multiple pollutants, and any other recently emerged pollutants.
It is for this reason that researchers across the globe developed multiple other indices to
account for the combined effect of pollutants in the atmosphere [5–8].

Fuzzy-based air quality index, an analytical method first developed by Zadeh et al. [9],
became suitable for subjective environmental conditions where conventional methods fail
to classify air quality sensitively. The fuzzy synthetic evaluation has been utilized in the
past for developing new indices, considering only criteria pollutants [10–13] or taking into
account the emerging pollutants [14]. However, such air quality assessment measures are
yet to be evaluated comprehensively for complex environments such as the Indian region,
where pollutants from anthropogenic and natural sources with tropical climatic conditions
are prevalent across the country.

The country has a particularly high level of PM pollution [15–17], but the impact
caused by the undifferentiated PM mass is yet to be comprehended. The PM over the
Indian region is composed of chemical components varying in physicochemical properties.
Furthermore, the physicochemical properties are dependent on meteorological conditions,
and regionally and seasonally changing emission sources. The emission sources include
contributions from both the regional and long-range transport of pollutants. Though
the potential of PM components (nitrate, sulphate, and organics, among various others)
in causing health risks is still to be adequately understood, it is suggested that the PM
components may not be equally important in causing adverse health effects [18,19]. The
PM components originating from combustion sources are considered to be potentially
associated with higher health risks than by the crustal material, e.g., mineral dust [20].
When considering PM mass as the driving factor to describe air quality, there is a possibility
that locations having similar PM mass concentrations are placed in the same category of an
air quality descriptor (severe, very poor, poor, moderately polluted, satisfactory, and good),
irrespective of the significant concentration of other criteria pollutants anticipated having
potential health impacts. In comparison with PM2.5, ground-level ozone has adverse health
effects, and the mortality rate due to O3 is twice of PM2.5, considering only the respiratory
mortality (not counting the mortality due to lung cancer, cardiopulmonary disease, and
others) [21]. Hence, it is essential to include the impact of all pollutants while estimating
an air quality index. The negligence of pollutants of lower concentration but with higher
health impact results in eclipsicity in the region’s air quality. When ambiguous, the index
may raise a false alarm for a less polluted region to be highly polluted. In contrast, an
eclipsed index may state a highly polluted region to be safe [8].

Apart from the distinctive effect of different criteria pollutants, there may exist a
cumulative effect if a particular environmental condition exists. For instance, a pollutant
may remain individually insignificant but cumulatively significant, as in the case of SO2
in the presence of particulate matter alongside the required relative humidity [22]. Thus,
for complex environments, such as that over the Indian region with a tropical climate and
highly polluted urban atmosphere with a mixture of pollutants from different sources, it
becomes crucial to take into account the combined effect of multi-pollutants. The single
index value as obtained from MPI after aggregating multiple pollutant characteristics helps
in the evaluation of the adversity of the air pollution impact in the atmosphere. Hence, the
objectives of the present study are to (i) assess the air quality over India by comparing it with
permissible limit values considering the National Ambient Air Quality Standards (NAAQS)
and World Health Organisation (WHO) guidelines, (ii) elucidate the pollution trend at
selected monitoring stations and the distribution of chemical species during the winter and
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summer season using the concentration of six criteria pollutants, (iii) development of a
Prioritized Clean Air Assessment Tool (PCAT) based on a fuzzy algorithm coupled with an
Analytical Hierarchy Process (AHP), and (iv) examine the application of PCAT towards
identifying prioritized locations that need immediate air pollution control measures.

2. Methodology

In the present study, six criteria air pollutants (PM10, PM2.5, CO, SO2, NO2, and O3)
measured across 14 cities in India (refer to Table S1 in the Supplementary Materials) are con-
sidered to evaluate air quality. The cities selected for the study monitored most of the criteria
pollutants during the study period and are spread throughout the geographical expanse of
India, as presented in Figures 1 and 2, and are thus representative of the current pollution
scenario of the country. The estimated indices (NAQI and MPI), which are discussed later in
the section, are also shown in these figures. The 24-h mean (PM10, PM2.5, SO2, NO2) and 8-h
(CO and O3) concentration of the criteria pollutants at locations under study are obtained
from the Central Pollution Control Board (CPCB), India website (source: https://airquality.
cpcb.gov.in/ccr/#/caaqm-dashboard-all/caaqm-landing;accessedon:24July2022) for the
winter (November 2015 to January 2016) and summer months (March 2016 to May 2016).
Necessary quality checks are applied to the dataset to remove the outliers before the sea-
sonal analysis and an estimation of the indices are made. Concentration values above
the mean ± 3σ (3 times standard deviation) are considered as outliers.

Figure 1. Estimated National Air Quality Index for the entire study period (combined summer and winter).

https://airquality.cpcb.gov.in/ccr/#/caaqm-dashboard-all/caaqm-landing; accessed on: 24 July 2022
https://airquality.cpcb.gov.in/ccr/#/caaqm-dashboard-all/caaqm-landing; accessed on: 24 July 2022
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Figure 2. Estimated Mitigation Priority Index for the entire study period (combined summer and winter).

2.1. National Air Quality Index (NAQI)

The Indian National Air Quality Index (NAQI) represents the air quality of a location
based on the National Ambient Air Quality Standards followed by CPCB. It includes
the calculation of sub-indices on a scale of 0 to 500. These associate the actual ambient
concentration of each criteria pollutant to its corresponding normalised sub-index using a
linear segmentation principle.

The sub-index (Ip) for a given pollutant concentration (Cp) is calculated as:

Ip =
(

IHi–ILo
BPHi–BPLo

× (Cp – BPLo)
)

+ ILo (1)

where

Ip = the sub-index value for Pollutant “p” (rounded to the nearest integer).
Cp = the actual ambient concentration of pollutant “p”.
BPHi = the upper end breakpoint concentration that is greater than or equal to Cp.
BPLo = the lower end breakpoint concentration that is less than or equal to Cp.
ILo = the sub-index value corresponding to BPLo.
IHi = the sub-index value corresponding to BPHi.

The sub-indices for the pollutants obtained from Equation (1) using respective break-
point values proposed by CPCB (refer to Table S2 in the Supplementary Materials) [4] are
inter-compared to identify the specific pollutant with a maximum value of a sub-index over
the location. The sub-index of the corresponding criteria pollutant is used subsequently to
achieve the final value of NAQI.
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2.2. Development of Prioritized Clean Air Assessment Tool (PCAT)

To identify locations that need immediate control measures among the ones with poor
air quality, a Prioritized Clean air Assessment Tool (PCAT) is developed based on the fuzzy
integrated Mitigation Priority Index (MPI). The fuzzy tool is used to deal with uncertainty
where the normal probability theory fails due to large computational expensiveness. The
fuzzy membership function is used to include the combined effect of all the criteria pol-
lutants that have significant health effects. A flow-sheet explaining the working of the
PCAT is given in Figure 3. An input file consisting of the pollutant concentration for the
required months is prepared beforehand, and relative weights that are pre-determined
using Analytic Hierarchy Process (AHP) are provided for estimating the MPI values. The
AHP approach takes into account the inter-judgement of the relative impact of the one
pollutant with respect to another. The input file is a comma-separated values (CSV) file with
a concentration of criteria pollutants in the same order as that of pre-determined weights.

Figure 3. Flowchart explaining the details of steps involved in development of PCAT.

2.2.1. Determination of Weights Using Analytic Hierarchy Process (AHP)

The present study describes the application of AHP for determining the relative
weights of air quality parameters (PM10, PM2.5, CO, SO2, NO2, and O3) and the develop-
ment of a potential fuzzy membership function by deriving weights through a matrix-based
technique rather than assigning them arbitrarily [23]. Each criteria pollutant has a different
significance with respect to the health effects they pose and thus a different weight is at-
tributed to each of the criteria pollutants. The most significant pollutant having a maximum
health impact would have the highest weightage and vice-versa.

As part of implementing the AHP method, a pair-wise judgement matrix comprising
the relative importance scores based on Saaty’s scale [24] are compiled by taking unbiased
inputs from a five member expert panel. The criteria and sub-criteria of the hierarchical
structured model used by the panel for assigning the Saaty score for the relative impor-
tance of pollutants also included the health effects (refer to [10] for a detailed structure of
obtaining AHP). The pair-wise judgement matrix [A] is shown below, where the number in
the ith row and jth column provides the relative importance of an individual air pollutant
(Pi) as compared to Pj.

In the present study, O3 is assigned with the highest weight due to its adverse health
impact at lower concentrations [25], which is also reflected in its 8-h monitoring based on
the exposure of the community to the pollutant and its short-term health effects [26,27].
NO2 emitted from combustion-related activities such as traffic, has adverse effects on lung
performance and may cause bronchitis and emphysema; excessive NO2 exposure affects
the defense mechanism, leaving the host susceptible to respiratory illness. Studies reported
a 5% change in pulmonary function and increased responsiveness to bronchoconstrictors at
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NO2 levels of 380–560 µg m–3 for asthmatic people [28]. Concentrations of NO2 are often
strongly correlated with those of ultrafine particles, with nitrous oxide (NO) and particulate
matter being easier to measure and often used as a surrogate for the pollutant mixture as a
whole [29]. Airborne particulate matter has been linked to an increasing range of adverse
health effects (e.g., changes in lung function, inflammation markers) with risks to health at
concentrations currently found in many cities in developed countries. The concentration
of both the fine and coarse fraction are associated with daily mortality [20,30]. The fine
particles impact the pulmonary region (lower respiratory system), which are known to
cause long-term chronic effects [31]. CO produced by incomplete combustion can cause
headache, dizziness, drowsiness, and nausea which may advance to vomiting, loss of
consciousness, and collapse if prolonged or if high exposures are encountered. Based
on the laboratory studies of a reduction in exercise capacity in both healthy individuals
and volunteers with cardiovascular disease, it was determined that Carboxyhaemoglobin
(COHb) levels should not exceed 2%. For the concentration of 10 mg m–3, the percentage of
the COHb level could be about 2% [32]. Contemplating the above health implications while
taking inputs from the expert panel, the pair-wise judgement matrix [A] is formulated.

To eliminate any possible bias due to the handling of data sets collected from heteroge-
neous data sources, the normalization of the matrix [A] is conducted using the columnar sum
as the normalization factor. The respective normalized matrix is thus obtained is represented
by [N].

[A] =

SO2 CO PM10 PM2.5 NO2 O3
SO2 1 0.67 0.5 0.4 0.4 0.33
CO 1.5 1 0.67 0.5 0.5 0.33

PM10 2 1.5 1 0.67 0.5 0.4
PM2.5 2.5 2 1.5 1 0.67 0.5
NO2 2.5 2 2 1.5 1 0.67
O3 3 3 2.5 2 1.5 1

[N] =

SO2 CO PM10 PM2.5 NO2 O3
SO2 0.08 0.07 0.06 0.07 0.09 0.1
CO 0.12 0.1 0.08 0.08 0.11 0.1

PM10 0.16 0.15 0.12 0.11 0.11 0.12
PM2.5 0.2 0.2 0.18 0.16 0.15 0.15
NO2 0.2 0.2 0.24 0.25 0.22 0.21
O3 0.24 0.30 0.33 0.33 0.33 0.31

The pair-wise judgement matrix used for estimating the weights in AHP is often prone to
error and inconsistency due to the fuzziness in the judgement data sets of the expert responses.
To avoid discrepancy in response, the consistency of the judgement matrix is measured by
checking the value of the Consistency Ratio (CR) utilizing the eigenvector approach. The
judgement matrix is consistent if the value of CR is found to be less than or equal to 0.1 [33].
A value of CR greater than 0.1 requires a reconsideration of the judgements. In the present
study, the CR, calculated using the consistency index (0.0372) and the maximum eigen value
(6.186) of the matrix, is found to be 0.03, which is well bellow the threshold value of 0.1. (Refer
to Section S1.1 in Supplementary Materials to examine the consistency check in detail).

The final pairwise judgement matrix with a sufficient consistency level is considered
for calculation of the weights. The eigenvalue and eigenvector analysis method for calcu-
lating the weights are adopted for the purpose. Normalized eigen vectors corresponding
to the maximum eigenvalue of the matrix are considered as weights in this method. The
final weightage W for the pollutants is estimated by the normalization of the maximum
eigenvalue of the matrix (~λmax).

W =
(

SO2 CO PM10 PM2.5 NO2 O3
0.08 0.10 0.12 0.16 0.22 0.31

)
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2.2.2. Development of Fuzzy Membership Functions

The Fuzzy Membership Function (FMF) represents the degree of fuzziness of a fuzzy set
in a graphical form. It is a necessary computational step to interpret whether the elements
in fuzzy sets are discrete or continuous. In the present study, six defined terms, namely
Good, Monitoring for Mitigation, Mitigation, Desired Mitigation, Urgent Mitigation and Very
Urgent Mitigation are considered to include the complete NAQI spectrum (0–500) satisfac-
torily. The fuzzy subsets are assigned to each of the six defined terms and are expressed
using triangular FMFs. The Equations of FMFs of six criteria pollutants (CO, NO2, PM10,
O3, PM2.5, and SO2) corresponding to the defined terms (Good, Monitoring for Mitigation,
Mitigation, Desired Mitigation, Urgent Mitigation, and Very Urgent Mitigation) are described
in Table S4 in the Supplementary Materials. The measured values of the pollutant concentra-
tion are converted to the membership category using the corresponding equation from the
break-point concentrations, as in Table S3 for each day of the observed data.

2.2.3. Aggregation

After calculating the membership category for each of the pollutants, the membership
category matrix [AG] is built, where each row denotes the severity of the health risk due to
various pollutants.

[AG] =



G(SO2) MM(SO2) M(SO2) DM(SO2) UM(SO2) VUM(SO2)
G(CO) MM(CO) M(CO) DM(CO) UM(CO) VUM(CO)

G(NO2) MM(NO2) M(NO2) DM(NO2) UM(NO2) VUM(NO2)
G(PM10) MM(PM10) M(PM10) DM(PM10) UM(PM10) VUM(PM10)
G(PM2.5) MM(PM2.5) M(PM2.5) DM(PM2.5) UM(PM2.5) VUM(PM2.5)

G(O3) MM(O3) M(O3) DM(O3) UM(O3) VUM(O3)


To identify various consequences of each of the alternatives on the air quality, an

Ordered Weighted Product (OWP) approach is implemented for fuzzy aggregation. This
determines the collective risk by taking the product of the membership value of possible
combinations represented by matrix [AG] and the weightage as represented by W. The
resultant fuzzy evaluation matrix [u] for the fuzzy-based Mitigation Priority Index (MPI) is
defined as

[u] =



SO2 0.08
CO 0.10

PM10 0.12
PM2.5 0.16
NO2 0.22
O3 0.31

 ×



G(SO2) MM(SO2) M(SO2) DM(SO2) UM(SO2) VUM(SO2)
G(CO) MM(CO) M(CO) DM(CO) UM(CO) VUM(CO)

G(NO2) MM(NO2) M(NO2) DM(NO2) UM(NO2) VUM(NO2)
G(PM10) MM(PM10) M(PM10) DM(PM10) UM(PM10) VUM(PM10)
G(PM2.5) MM(PM2.5) M(PM2.5) DM(PM2.5) UM(PM2.5) VUM(PM2.5)

G(O3) MM(O3) M(O3) DM(O3) UM(O3) VUM(O3)


=
(
G MM M DM UM VUM

)
2.2.4. Defuzzification

A defuzzification technique is used to extract a crisp value of the fuzzy set. The scoring
method is adopted in this study for defuzzification. Scores are assigned to corresponding
membership values to obtain crisp output [34–36]. Values of the linguistic terms, namely
Good (G), monitoring for mitigation (MM), mitigation (M), desired mitigation (DM), urgent
mitigation (UM), and very urgent mitigation (VUM) as obtained from matrix [u] are assumed
to have a set of six weights viz. 1, 2, 3, 4, 5, and 6, respectively. The final crisp non-fuzzy value
obtained using Equation (2) represents the Mitigation Priority Index (MPI) for a specific day.
The categories of MPI corresponding to NAQI category ranges are mentioned in Table 1.
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Although subjective and widely used in numerous disciplines, the fuzzy synthetic eval-
uation is quite intricate to implement manually. Hence, the developed PCAT is beneficial
in overcoming the complexity of calculations. It is user-friendly, easy to use, and rapidly
calculates the MPI for multiple locations in a single run.

MPI = 1 × G + 2 × MM + 3 × M + 4 × DM + 5 × UM + 6 × VUM (2)

Table 1. Categories of Mitigation Priority Index (MPI).

MPI Category

1–1.5 Good (G)

1.5–2.5 Monitoring for mitigation (MM)

2.5–3.5 Mitigation (M)

3.5–4.5 Desired mitigation (DM)

4.5–5.5 Urgent mitigation (UM)

5.5–6 Very urgent mitigation (VUM)

3. Results and Discussion
3.1. Concentration of Criteria Pollutants

The present study focused on evaluating the air quality of Indian cities using the es-
timated NAQI and identifying critical locations needing immediate mitigation using the
developed PCAT. Along with the analysis of air quality and identification of prioritized
locations, the concentration of criteria pollutants in 14 Indian cities are also discussed to under-
stand the relative abundance of criteria pollutants in these locations. The daily mean (PM10,
PM2.5, SO2 and NO2) and 8-h (CO and O3) concentration of criteria pollutants averaged
over each of the winter and summer months are presented in Figures 4a–f and 5a–f, respec-
tively; and compared with the 24-h national ambient air quality standards (NAAQS) [37] and
WHO guideline values (24-h), below which no adverse health effects on human beings are
expected [38]. Considerably high (3–4 times the NAAQS) daily mean PM2.5 concentrations
averaged over the winter and summer months (refer Table S3 in the Supplementary Materials)
are observed during the study period consistent with measurement studies during the same
period [15]. The daily mean concentration of the PM10 averaged for January is found to be the
highest at Varanasi (456 µg m–3), as it was four folds of the 24-h Indian standards and nine
folds of the WHO guideline values. Although significantly high levels of PM10 and PM2.5
concentration are observed in the present study, a decreasing trend of PM2.5 concentration
in Indian megacities from 2014–2019 has been reported, attributed to the recent policies and
regulations implemented for the abatement of air pollution [39].

The daily mean concentration of the PM10 and PM2.5 averaged over the winter is higher
than summer by 7–47 % and 20–71%, respectively, for the locations analyzed. The Indian
region experiences seasonally varying pollutant concentrations with higher values during the
winter season than during the summer [40–43]. Relatively stagnant meteorological conditions
during the winter season lead to a low dispersion and confinement of atmospheric pollutants
within the shallow boundary layer height [44]. However, the expected increasing trend of
the PM10 and PM2.5 concentration from March to May at Jaipur and Jodhpur is due to the
increased turbulence resulting from high wind velocities during the summer season [11,14,45]
and their proximity to Thar desert. The substantial convective activities due to the prevalent
temperature result in the uplifting of particulate matter during the summer months [43,46].
Moreover, the analysis through NAQI demonstrated that PM10 and PM2.5 are descriptive
pollutants in all the locations considered in the present study. The undifferentiated mass
concentration of particulate matter often driving the NAQI, results in deceiving the actual
pollution scenario.
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The analysis of chemical species (SO2, NO2, CO, and O3) demonstrated that SO2,
NO2 and CO are higher in the winter than summer by 16–50%, 25–70% (for 11 locations
out of 14 analyzed, and 2–3 times at Patna and Chandrapur) and 16–85%, respectively.
However, O3 was higher in the summer than winter by 28–65%. It is observed from
the Figures 4c and 5c that the daily mean concentration of O3 averaged over each of the
winter and summer months are well within the 24-h NAAQS and WHO guideline values.
Although the SO2 concentrations are within the 24-h NAAQS, four cities in the winter (Pune,
Varanasi, Delhi and Mumbai) and summer (Pune, Jaipur, Delhi and Mumbai) months are
in violation of the 24-h WHO guideline values. CO followed by NO2 contribute more to
the total concentration of chemical species during the study period. In general, the ratio
of NO2 to SO2 varies from 2 to 5 at most locations, and as high as 11 to 15 at Bengaluru
and Kolkata during the study period. This indicated the higher influence of traffic sources
compared to combustion and industrial sources [47].
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Figure 4. Daily mean concentration of criteria pollutants (as per air quality assessment guidelines of
NAAQS and WHO) averaged over the winter months (November 2015–January 2016). The NAAQS
(as twentyfour hourly mean for PM10, PM2.5, SO2, NO2, and eight hourly mean for O3 and CO) and
WHO air quality guideline values (as twentyfour hourly mean for PM10, PM2.5, SO2 and eight hourly
mean for O3) are represented using red and black lines, respectively.
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Figure 5. Daily mean concentration of criteria pollutants (as per air quality assessment guidelines
of NAAQS and WHO) averaged over the winter months (March 2016–May 2016). The NAAQS (as
twentyfour hourly mean for PM10, PM2.5, SO2, NO2, and eight hourly mean for O3 and CO) and
WHO air quality guideline values (as twentyfour hourly mean for PM10, PM2.5, SO2 and eight hourly
mean for O3) are represented using red and black lines, respectively.

3.2. Assessment of Prioritized Air Quality Management

The estimated NAQI and PCAT obtained MPI using the breakpoint concentration
of criteria pollutants, as provided by CPCB, India are given in Tables S5 and S6 in the
Supplementary Materials, respectively, and represented in Figure 6. Based on the NAQI
estimate, Varanasi is identified as the most polluted city followed by Delhi and Jaipur
during the winter while Varanasi is followed by Patna and Jodhpur during summer seasons.
High PM2.5 concentration in Patna resulted in higher NAQI than in Delhi or Jaipur during
the summer. It is observed from Figure 6 that among the locations considered, most of the
cities are under unhealthy NAQI (value above 100), and the NAQI mostly ranges from
being moderately polluted to very poor (NAQI between 150–400). A NAQI value above
100 can bring breathing discomfort to people with asthma, lungs, and heart diseases [4].

NAQI shows high values for all the cities, owing to the elevated concentration of one of
the criteria pollutants over all others, resulting in soaring NAQI, as presented in Figure 1. A
very poor (301–400) and even severe (Varanasi in January) NAQI category is observed over
six of the urban locations during winter months, which may cause respiratory illness to the
people from prolonged exposure; the effect may be more pronounced in people with lung
and heart diseases [4]. However, the air quality remained in the moderately polluted cate-
gory for most of the locations considered in the present study during the summer months
except at Patna (March), Jodhpur (May), and Varanasi (March). An evaluation of NAQI
and MPI is presented in Table S7 in the Supplementary Materials along with the descriptive
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pollutants identified from the NAQI calculation for each location under study. From the
table, it is clear that NAQI is calculated based on either the PM10 or PM2.5 concentration for
11 stations out of 14 stations considered (refer to Table S6 in the supplementary file). The
consideration of the pollutant with the highest sub-index as a descriptor pollutant, mostly
being PM10 or PM2.5, places the cities with high dust such as Jodhpur in the same NAQI
category as that of megacities such as Delhi and Kolkata, which are known for their overall
elevated ambient atmospheric pollutant levels. From Figures 4 and 5, it is observed that
the concentration of all six criteria pollutants is higher in Delhi than in Jodhpur during
the winter. Interestingly, during the summer, the concentration of gaseous pollutants (SO2,
NO2, CO, and O3) in Delhi are twice of Jodhpur; however, the NAQI of Jodhpur is above
Delhi, which is attributed solely to high PM2.5 mass at Jodhpur. Delhi is among the most
polluted cities in India and the world [48] and is surrounded by industries that contribute to
higher levels of atmospheric pollutants along with contributions from vehicular emissions,
crop burning and dust [49], whereas Jodhpur is a semi-arid location with proximity to the
Thar desert in Rajasthan. The bulk PM mass assessment-based NAQI makes no distinc-
tion between places with high pollution levels resulting from local combustion sources
(e.g., megacities) and those with predominant mineral dust transport over most of the
Indian subcontinent.

Due to notably high PM pollution in India, almost all the cities are above the permis-
sible limit for air quality (NAQI) and in violation of NAAQS. While NAQI helps in mass
sensitization, it cannot bestow a single location to begin the mitigation plan because of
India’s relatively feeble air quality scenario. As a result, a tool is required to assist in the
identification of polluted cities among the ones with unhealthy air quality that require
immediate mitigation. The PCAT-obtained MPI identifies the city that requires the most
urgent mitigation, incorporating all criteria pollutants’ cumulative effect and taking into
account their anticipated health impacts. Identifying specific locations would aid in better-
targeted air quality control strategies, explicitly focusing on regulations and protecting
public health.

The permissible value of PCAT-estimated MPI, when calculated using NAAQS of
residential areas, is 2.97, which lies in the needing mitigation category. The high value
indicates a need to evaluate the standard concentration values further. However, when the
same is calculated, taking into account the WHO guidelines for outdoor air quality [38],
the permissible value thus obtained is 2.36, which lies in the Monitoring for the mitigation
category. The lowering of the permissible MPI value along with the concentration shows
the sensitivity of MPI towards the changes in concentration. The lower permissible MPI by
WHO is due to the lower standard concentration limit for SO2, PM10 and PM2.5. Moreover,
WHO takes either an hourly or annual mean for NO2 due to its chronic short-term and
long-term effects on human health. In contrast, Indian standards measure it as 24 h or an
annual average. While CO is not included in the list of pollutants by WHO guidelines,
2005 [38], an 8-h mean (10 mg m–3) is approved in the WHO guideline, 2000 [32]. Thus,
to keep uniformity in judgement for NO2 and include a value with restricting CO, Indian
standard values of NO2 (80 µg m–3) and CO (2 mg m–3) are taken into account while
estimating the permissible MPI of WHO.

Table 2 shows the results of using the developed PCAT to identify cities that require
immediate pollution control measures out of all the cities investigated in the study. All
locations except Bengaluru are categorized as polluted during the winter when analyzed
through NAQI, considering NAAQS and WHO guidelines (refer to Table 2). To plan
mitigation on a seasonal basis using PCAT, Delhi and Varanasi are identified as critical
locations considering NAAQS during the winter and only Varanasi during the summer.
However, when more stringent WHO guideline values are adopted, six locations, namely
Pune, Patna, Delhi, Jaipur, Jodhpur, and Varanasi are identified as critical during the winter
along with Solapur during the summer. The recognition of locations such as Pune and
Solapur for mitigation reflects the importance of the cumulative impact of all pollutants
which are otherwise neglected. Pune is a major Information Technology (IT) hub along
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with automotive (domestic and international) manufacturing units. Several large and
small scale glass, sugar, and forging industries also contribute to the growing criteria
pollutant concentration at Pune [50]. The contribution of CO and NO2 among the criteria
pollutants, attributed to by sugar factories and heavy textiles industries in Solapur, led
the MPI towards the mitigation category. It is worth noticing that Patna’s NAQI value
in March is significantly high (308–very poor) compared to April and May, which was
ascribed to the high PM2.5 concentration (130 µg m–3); however, Patna is not identified as
needing mitigation in March due to a lower aggregated MPI, corresponding to the overall
criteria pollutant concentration. This indicates the importance as well as sensitiveness of
the PCAT-obtained MPI towards each of the varying pollutant concentration values. Thus,
a total of seven cities are identified that need immediate mitigation measures considering
stringent WHO guidelines to regulate the feeble air quality of the region. NAQI adopts a
simplistic approach to distinguish multiple cities having air pollution above the permissible
limit for highly essential mass sensitization purposes. Thus, NAQI can be used as a quick
method with easier calculations to estimate the air quality status of a region and hence be
used by the general public. The PCAT-based MPI, on the other hand, is further suggested
to be used as a tool to provide ranked locations where mitigation is required.
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provides NAQI and MPI categories according to the range it falls in. Concentration values were
unavailable for Kolkata during summer.
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Table 2. Assessment of prioritized air quality management.

Standard/Guideline Seasons Cities Exceeding Permissible NAQI Cities Needing Mitigation
(as Obtained through PCAT)

NAAQS

Winter All cities except Bengaluru Delhi and Varanasi

Summer Patna, Delhi, Pune, Chandrapur, Solapur,
Jaipur, Jodhpur, Muzaffarpur, and Varanasi Varanasi

WHO

Winter All cities except Bengaluru Pune, Patna, Delhi, Jaipur, Jodhpur
and Varanasi

Summer Patna, Delhi, Pune, Chandrapur, Solapur,
Jaipur, Jodhpur, Muzaffarpur, and Varanasi

Delhi, Pune, Solapur, Jaipur,
Jodhpur and Varanasi

4. Conclusions

In the present study, the daily mean concentration of six criteria pollutants (SO2,
CO, NO2, PM10, PM2.5, and O3) for two consecutive seasons, winter (November 2015
to January 2016) and summer (March 2016 to May 2016), were utilized to assess the air
quality of 14 locations representing the geographical expanse of the Indian region. The data
were employed to develop a Prioritised Clean air Assessment Tool (PCAT) for identifying
locations needing immediate pollution mitigation to control severe health impacts caused
by poor air quality. The tool incorporates all criteria pollutants’ cumulative effects, taking
into account their anticipated health impacts, and aids as an efficacious approach to identify
locations among the polluted ones. It is essential to include each pollutant’s impact into the
weighing scheme since the toxicities and impacts they have on health vary substantially.

Although spatial variability in 24-h average concentrations (SO2, NO2, PM10, and
PM2.5) and an 8-h average concentration (CO and O3) was observed across the stations
during the study period, it was noteworthy to mark that the daily PM10 and PM2.5 con-
centration at all sites were in violation of the 2009 NAAQS and WHO air quality guideline
for PM10 and PM2.5. The concentration of pollutant PM (both PM10 and PM2.5) greatly
influenced the NAQI of Indian cities. The analysis of criteria pollutants indicated that the
concentration of all the pollutants except O3 during the winter was higher than that during
the summer season. In general, the percentage increase in the concentration of NO2 from
the summer to winter at a few urban locations was the highest, compared to that of SO2
and CO. Moreover, CO, followed by NO2, had the highest contribution towards the total
concentration of chemical species during the study period. Based on the data analyzed, the
mean ratio of NO2 to SO2 for the entire study period was found to be 2.5 ± 1.5, indicating
the traffic influence in Indian cities.

Further, the air quality assessment indicated that Varanasi was the most polluted
among the cities analyzed, succeeded by Delhi, as observed using NAQI estimates. Due
to the notably high PM pollution in India, almost all the cities were above the permissible
limit for air quality (NAQI), as well as concentration standards (NAAQS). Since NAQI was
above the permissible limit for most of the sites, it was essential to develop a technique that
identifies locations in need of priority-based measures of pollution control. As obtained
from PCAT, Delhi and Varanasi need immediate pollution control measures, taking NAAQS
considerations among the cities considered in the present study. However, taking into
account WHO guidelines, the PCAT led to obtaining seven cities (Pune, Patna, Solapur,
Delhi, Jaipur, Jodhpur, and Varanasi) needing prioritized air quality control measures.
Thus, the tool is useful to plan priority-based strategies for immediate pollution control
at critical locations, evaluating the air quality of environments such as that of the Indian
region with seasonally varying pollutant concentrations, sources, and types.

To achieve a real-time analysis of air quality using all consequential pollutants by a
computationally inexpensive approach, the model can also include emerging atmospheric
pollutants, which have higher associated health risks and parameters (e.g., population,
location, or proximity to pollution source) that may improve the overall sensitivity. The
developed tool is user-friendly, easy to handle, and rapidly assesses multiple locations
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simultaneously to identify cities needing immediate mitigation. The assessment from this
tool, when integrated with NAQI, provides an effective approach to control air quality
from the perspective of potential health benefits.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/urbansci7030075/s1, Supplementary Material contains details of
monitoring stations, breakpoint concentration of criteria pollutants and other statistical details of the
estimated data. References [51,52] are cited in the supplementary materials.
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