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To control the spread of the coronavirus (COVID-19) pandemic, the Government of India
imposed various phases of lockdown starting from the third week of March 2020. Improvement
in city air quality has emerged as a benefit of this lockdown in India. The objective of this paper
is to quantify the health benefits due to this lockdown. PM2.5 concentrations in nonattainment
cities (NACs) in Uttar Pradesh and the Delhi-National Capital Region (NCR) in North India were
studied. Data from prelockdown and the various lockdown phases were compared, with 2019 as
a benchmark. Compared with those in 2019, the PM2.5 concentrations during lockdown Phase 1
were approximately 44.6% lower for cities in Uttar Pradesh and approximately 58.5% lower for
the Delhi-NCR. The health impacts of particle inhalation were quantified using the multiple-path
particle dosimetry and AirQ+ models, which revealed that the most considerable improvement
was during lockdown Phase 1. Among the prelockdown and lockdown phases, Phase 1 exhibited
the minimum PM2.5 concentration and thus the greatest health benefits. For the selected cities,
the concentration of particle deposition in the tracheobronchial region of human lungs showed
its maximum reduction during lockdown Phase 1(30.14%). Furthermore, the results highlighted
a decrease of 29.85 deaths per 100,000 persons during lockdown Phase 1, primarily due to the
reduction in PM2.5 concentrations. This quantification of the health benefits due to a decrease in
PM2.5 may help policymakers implement suitable control measures, especially for NACs, where
the respirable particulate matter concentrations remain very high.
Keywords: PM2.5, Nonattainment city, AirQ+, COVID-19, Health benefit quantification

1 INTRODUCTION
Coronavirus disease 2019 (COVID-19) was first reported in Wuhan, China, in December 2019
and is currently the most severe global health pandemic of the twenty-first century. The World
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Health Organization (WHO) declared COVID-19 a pandemic on 11 March 2020. By 31 May 2020,
the total number of cases reported worldwide was approximately 6,258,158, with 3,021,245
active cases (48%) and 2,859,906 recovered or discharged patients (46%) (Worldometer, 2020).
In India, the first infection was recorded on 30 January 2020; by 31 May 2020, the number of
infections had increased to 190,609 (with 49% active cases) (Worldometer, 2020). Governments
worldwide closed their borders and imposed complete or partial lockdowns to control the spread
of the disease. A 90% reduction in mobility yielded a 30% decline in NO2 emissions in major global
population centers (e.g., China and the United States; Muhammad et al., 2020). During the
lockdown imposed in India, NO2 emissions decreased by 17% (Metya et al., 2020) and aerosol
optical depth decreased by nearly 45% (Ranjan et al., 2020). Compared with the prelockdown
period, Tobías et al. (2020) reported a 28%–31% decline in PM10 concentrations in Barcelona,
Spain. Declines of approximately 30% in PM2.5 and PM10 concentrations were also observed in
Malaysia (Kanniah et al., 2020).
In India, a complete nationwide lockdown was implemented for a total of 68 days through four
phases, from 25 March to 31 May 2020. Jain and Sharma (2020) compared the concentrations of
criteria air pollutants between prelockdown (10–20 March 2020) and lockdown (25 March–6
April) for five Indian megacities, namely Delhi, Mumbai, Chennai, Kolkata, and Bangalore. They
reported declines of 14% (Chennai) to 41% (Delhi) in PM 2.5 for the lockdown period. Moreover,
other studies have estimated > 50% reductions in PM2.5 and PM10 concentrations in cities such
as Delhi, along with reductions of approximately 53% in NO2 concentrations and approximately
30% in CO concentrations during lockdown (Mahato et al., 2020).
The significant decrease in air pollution is a major positive outcome of the COVID-19 lockdown.
Several studies have observed a twofold increase in exposure to respirable particles can cause an
increase in lung cancer of 30%–50% (Cohen and Pope, 1995; Sonwani and Kulshrestha, 2018; Bai
et al., 2020). Air pollution is also linked to heart disease, stroke, and chronic obstructive pulmonary
disease. During 2010 to 2020, studies have revealed significant associations between exposure
to airborne air pollutants and premature mortality risk (Rajak and Chattopadhyay, 2019; Saxena
and Srivastava, 2020). Navinya et al. (2020) compared the concentrations of criteria pollutants
during the nationwide lockdown between 17 cities across India. They noted that, among the
criteria air pollutants, PM2.5 and PM10 concentrations exhibited the largest declines, with significant
reductions in the cities in the Indo-Gangetic plains (Navinya et al., 2020). Fine particulate matter
(PM2.5) is estimated to be associated with 2.9 million premature deaths worldwide (Stanaway et
al., 2018; Saxena and Sonwani, 2019). India has a particularly high burden of disease and mortality
due to air pollution, with most cases reported in North India (Balakrishnan et al., 2019), which is
known to have poor air quality (Saxena et al., 2020).
Several studies have assessed the impact of lockdown on air quality in India, with a main focus
on metro areas (Jain and Sharma, 2020). However, no study has evaluated the impact of COVID19 lockdown on respirable particles in North India or explored the health benefits. Therefore, the
aim of the present study was to quantify the health benefit due to lockdown in India. In particular,
we assessed particle deposition in the tracheobronchial region of human lungs and mortality
before lockdown and during the lockdown phases. Assessments were based on the temporal
variations in PM2.5 concentrations in four nonattainment cities (NACs) of Uttar Pradesh and the
Delhi-National Capital Region (NCR).

2 METHODS
In the present study, we observed for variations in respirable particle concentrations and then
evaluated the associated health benefits by calculating mortality during COVID-19 lockdown in
various cities in North India—given the implications of the relevant results to health and pollution
mitigation strategies in the near future.

2.1 Study Area
Four NACs in Uttar Pradesh, namely Agra, Kanpur, Lucknow, and Varanasi, and the Delhi-NCR
region (including Delhi, Ghaziabad, and Noida) were analyzed in this study (Fig. 1). The Delhi-NCR,
a large region surrounding the national capital, is one of the largest megacities in India. This
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Fig. 1. Map of Delhi and the cities in Uttar Pradesh investigated in this study (Dark grey circle encompasses the NCR, dark grey
areas represent selected city district, and light grey is the state of Uttar Pradesh).
region has highest number of registered vehicles in India and faces severe air quality problems
(Srivastava et al., 2008). The other four NACs cover the area of Uttar Pradesh and vary substantially
in terms of size and type. Uttar Pradesh is one of the most densely populated states in India, and
it has approximately 10.4% of the total vehicles registered in India (MORTH, 2017). Lucknow is a
large metropolitan city and the capital of Uttar Pradesh, Kanpur is an industrial and academic hub,
Agra is home to the world-famous Taj Mahal, and Varanasi has religious and spiritual importance.
The population distributions of the seven studied cities differ substantially. In this study, the cities
with the highest and lowest populations were Delhi and Noida, respectively. Due to its limited
land area, Agra has the highest population density, followed by Delhi and Varanasi. The NCR cities
of Ghaziabad and Noida have the lowest population densities in the present study (Fig. 8).
The selected study sites in Uttar Pradesh contribute 2.2% of the total registered vehicles in
India (Lucknow, ~0.8% [1,978,345]; Kanpur, ~0.6% [1,632,682]; Agra, ~0.4% [961,621]; Ghaziabad,
~0.4% [917,600]; and Varanasi, ~0.4% [906,833]).
Health benefits were quantified based on reductions in particle deposition in the tracheobronchial
region and mortality decline among adults (age > 30 years) during the lockdown.

2.2 Lockdown Phases
Observations were recorded between 1 March and 31 May, 2019, and the same period in 2020
(lockdown). The overall period was divided into five phases, starting from Phase 0 (prelockdown),
followed by Phases 1–4, as per the lockdown phases implemented by the Government of India.
Table 1 briefly lists the durations and restrictions imposed during each phase. During Phase 3,
cities were classified into Red, Orange, and Green according to the prevalence of COVID-19 cases.
Some rules were relaxed in the Green and Orange zones, but restrictions similar to Phase 1 were
retained in the Red zones. All the sites in the present study were Red zones. Additional details
about the lockdown phases are listed in Table S1.
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Table 1. Timeline of COVID-19 lockdown phases in India.
Phase name
Phase 0 (Prelockdown)
Phase 1

Dates
1–24 March 2020 (24 days)
25 March–14 April 2020 (21 days)

Phase 2

15 April–3 May 2020 (19 days)

Phase 3

4–17 May 2020 (14 days)

Phase 4

18–31 May 2020 (14 days)

Major restriction or relaxations
No restriction; all activities in business-as-usual mode
All transport, industrial establishment, commercial and
private establishments, and hospitality services closed
Allowed: Farming operation, some industries, movement of
cargo
Cities are classified into three zones (Red, Orange, and
Green). Relaxation of rules in the Green and Orange zones.
Allowed: Activities permitted during Phase 2 and
construction activities and movement of vehicles for
selected activities permitted.
Restrictions similar to Phase 1 applied in the Red zones
Allowed: Movement of vehicles without any special
conditions along with the opening of the industry.

2.3 Particulate Matter Data Collection
Continuous ambient air quality data, meteorological data, and secondary data were collected
from the Central Pollution Control Board (CPCB) of New Delhi (CPCB, 2020); these data included
the concentrations of particulate matter with a diameter of ≤ 2.5 µm (PM2.5; unit: µg m–3; Indian
Air Quality Standard: 60 µg m–3). We collected continuous 24-hour averaged data not only for the
91 days over all the lockdown phases in 2020 but also for 2019 to enable comparison. Table S2
lists the air quality monitoring stations included in this study, with details about the number of
data points per city and the sampling station details.

2.4 Data Analysis
Changes in PM2.5 concentrations in NACs due to restrictions during lockdown were examined
for two periods by using time series plots. PM2.5 concentrations were plotted for 2020 and 2019
(without lockdown measures), and differences between the 2 years were examined. Furthermore,
trends in particle concentrations over the lockdown phases were assessed. For Delhi and
Lucknow, which have multiple air quality monitoring stations, the collected variables from the
different stations were averaged. Paired t tests were conducted to test for significant differences
in particle concentrations between the lockdown phases in 2020 and the 2019 baseline.

2.5 Health Benefit Quantification
The decline in natural deaths per 100,000 persons due to a reduction in air pollution was
modeled using AirQ+. In this model, the receptor is an individual living in the city who is exposed
to the ambient environment. The highest exposure is likely to be observed in a person who stands
by the sidewalk for the whole day (e.g., a traffic policeman). The model yields predictions for this
worst-case scenario (assuming that pollutant concentrations are higher outdoors than indoors).
The mass of respirable particles deposited in the tracheobronchial region was calculated based on
the particulate concentrations at selected sites over a 24-h period using the multiple-path particle
dosimetry (MPPD) model. The calculations for the lockdown period were compared with those
of the prelockdown period (Phase 0: 1–24 March 2020). The percent change, which was attributed
primarily due to the reduction in respirable particulates in the ambient air during lockdown, is referred
to as the health benefit herein. The AirQ+ and MPPD models are described briefly as follows:

2.6 AirQ+
The change in mortality attributable to particle inhalation was estimated using the AirQ+
model. This model was developed by the Regional Office for Europe of the WHO (WHO, 2016). In
this model, at-risk population is defined adults aged > 30 years, and the incidence rate is calculated
as the number of new disease cases divided by the number of at-risk persons. We calculated the
change in incidence with respect to the pre-lockdown period. To calculate the decline in mortality,
the short-term effect of PM2.5 was considered. The average values of respirable particulates for
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the respective cities were recorded at the real-time monitoring stations of the CPCB (Fig. 3). The
total population, at-risk population, incidence rate, and area of the seven studied cities were
obtained from the official census by the Government of India in 2011 (Fig. 8) (Census of India
Website : Office of the Registrar General & Census Commissioner, India, 2011).

2.7 MPPD
The percent change in the mass of respirable particulates deposited in the human respiratory
system across various regions was calculated using the Eulerian MPPD model (version 3.04). This
model was developed by the Chemical Industry Institute of Toxicology and the Dutch National
Institute for Public Health and the Environment. The respiratory tract is divided into three parts:
the head, tracheobronchial region, and pulmonary region. The head comprises the nose, mouth,
and upper trachea region and accounts for almost all (99.61%) areas of respirable particulate
deposition. In the lungs, the tracheobronchial region consists of the lower trachea and bronchi
(branch-like airways), whereas the pulmonary region consists of the alveoli. Particle deposition
is approximately three times higher in the tracheobronchial region than in the pulmonary region;
thus the tracheobronchial region was investigated in this study.
To calculate particle deposition in the tracheobronchial region, we adopted the human YehSchum Single Path symmetric lung model. An individual standing on a sidewalk for 8 hours was
considered for the exposure scenario. The default parameters for the model are an adult man at
rest (i.e., upright body orientation, respiratory frequency of 12 breaths min–1, functional reserve
capacity [FRC] of 3300 mL, upper respiratory tract [URT] volume of 50 mL at a fixed tidal volume
of 625 mL, inspiratory fraction of 0.5, and nasal route breathing). The model was applied to
respirable particulates with a density of 1.4 g cm–3, and a geometric standard deviation (GSD) of
3.00 was assumed.

3 RESULTS AND DISCUSSION
Spatiotemporal variations in particle concentrations are presented as the observed particle
concentrations during the study period, the trends observed in particle distribution across the
lockdown phases, and the health benefits due to variations in respirable particulates.

3.1 Spatiotemporal Trends in Particle Concentrations during the 2020
Lockdown Period
Fig. 2 shows the average PM2.5 concentrations during the lockdown phases of 2020 for the
selected cities. During prelockdown (Phase 0), the average daily PM 2.5 concentration varied
between 55 and 80 µg m–3. Five of the cities had ambient PM2.5 concentrations higher than the
prescribed 24-hour average limit in India of 60 µg m–3. Toward the end of the lockdown period
(i.e., during Phase 4), the ambient levels in Lucknow and cities in the NCR again exceeded the
permissible standard. During Phase 1, a significant decrease (p < 0.01) in particle concentrations
was observed. Delhi exhibited a consistent increase in ambient levels after lockdown Phase 1.
Table 2 lists the average concentrations of the respirable particles during the lockdown phases
of 2020 and for the 2019 baseline.
During Phase 0, no restrictions were enforced by the Indian government; therefore, the
ambient particulate concentrations represented normal conditions. The mass concentrations for
each phase were normalized with respect to Phase 0 for the studied cities. This enabled the impact
of lockdown restrictions on respirable particulate concentrations to be quantified. Moreover, we
calculated the ratio Px/P0, where Px represents the mean PM2.5 concentration during phase x (x =
1, 2, 3, or 4), and P0 is the mean PM2.5 concentration during Phase 0. For the studied cities, Fig. 3
shows Px/P0 (the average normalized phasewise PM2.5 ratios). Px/P0 > 1 represents an increase in
the concentration of respirable particles with respect to Phase 0. For all the selected cities, we
observed Px/P0 < 1 for Phases 1–3. This indicated that, in terms of respirable particulates, the
ambient air quality was better during the first three phases of lockdown than during Phase 0. The
reduction in particle concentrations was a result of the restrictions imposed by the Government
of India, which were subsequently relaxed during Phase 4 (Table S1).
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Fig. 2. Average PM2.5 mass concentrations during different lockdown phases in different cities in
2020.
Table 2. Average PM2.5 mass concentration (means ± standard deviations, unit: µg m–3) for the studied cities.
Phase 0
Phase 1
Agra
2019
75.18 ± 18.88
75.88 ± 16.19
2020
55.88 ± 16.78
41.49 ± 14.57
Kanpur
2019
64.81 ± 19.86
69.94 ± 23.4
2020
60.78 ± 19.76
40.18 ± 13.22
Varanasi
2019
112.02 ± 40.46
97.74±27.65
2020
60.59 ± 27.19
57.33 ± 17.96
Lucknow
2019
99.19 ± 20.66
111.19 ± 28.99
2020
74.62 ± 24.94
56.52 ± 16.83
Ghaziabad
2019
92.48 ± 25.75
107.28 ± 38.58
2020
80.44 ± 32.44
41.87 ± 21.06
Noida
2019
88.46 ± 25.32
95.2 ± 33.07
2020
57.38 ± 22.02
34.14 ± 13.31
Delhi
2019
86.7 ± 21.51
89.48 ± 27.92
2020
65.57 ± 21.67
44.3 ± 14.57
Bold values indicate significant differences (p < 0.01).
Bold italic values indicate significant differences (p < 0.05).

Phase 2
69.04 ± 19.19
50.91±14.37
63.03 ± 18.23
49.26 ± 24.64
96.97 ± 23.45
33.67 ± 12.13
105.41 ± 38.27
58.87 ± 19.75
82.68 ± 30.31
49.31 ± 20.05
65.48 ± 23.98
47.37 ± 24.92
77.41 ± 18.73
53.41 ± 18.4

Phase 3
76.19 ± 27.75
44.13 ± 10.97
68.54 ± 18.4
44.04 ± 14.22
94.3 ± 15.49
38.13±13.65
80.8 ± 14.58
57.38 ± 16.64
118.82 ± 45.5
48.85 ± 12.07
106.18 ± 32.27
45.61 ± 14.85
103.04 ± 34.03
63.77 ± 27.99

Phase 4
53.87 ± 11.82
58.95 ± 15.82
61.34 ± 16.01
51.79 ± 12.53
91.15 ± 26.38
39.41 ± 14.56
84.93±14.3
72.78 ± 24.22
82.73 ± 24.51
65.78 ± 30.36
66.28 ± 26.39
50.19 ± 25.92
66.88 ± 15.86
70.49 ± 39.53

In all cities except for Varanasi, the maximum decline in PM2.5 concentrations was observed in
Phase 1. During Phase 1, the Px/P0 ratio was between 0.53 and 0.95 for all cities. Due to some
relaxations in restrictions during Phase 2, the pollutant concentrations increased in all cities, but
Px/P0 ratio remained < 1. However, Varanasi exhibited a substantial decline even during Phase 2.
In Phase 3, Indian cities were classified into three zones (Table S1) according to positive COVID-19
case prevalence.
Relaxations were implemented in the Orange and Green zones. All the cities in the present
study were classified as Red zones, and their lockdown restrictions in Phase 3 were similar to
those of Phase 1.
The particle concentrations were consequently lower in Phase 3 than in Phase 2 for all cities
except Delhi and Varanasi. Moreover, for all cities, the particle concentration was higher in Phase 4
than in Phase 3. The PM2.5 concentration increased by 3%–35% from Phase 3 in the studied cities,
with substantial increases for Agra, Lucknow, and Ghaziabad and the minimum change for Varanasi.
Aerosol and Air Quality Research | https://aaqr.org
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Fig. 3. PM2.5 mass concentrations during different lockdown phases normalized to pre-lockdown levels (Px/P0).
Relaxations in restrictions on travel and industrial activities was the major factor contributing
toward higher PM2.5 concentration in Phase 4. Moreover, among the meteorological parameters
presented in Table S3, relative humidity (RH) was the only parameter exhibiting an increase from
2019 to 2020. This indicates that PM formation under the influence of high RH may result in the
formation of secondary aerosol based on precursors released from different sources (Cheng et
al., 2015; Sonwani and Kulshrestha, 2019).
Further investigation revealed that pollutant concentrations in Delhi increased through each
lockdown phase; the average PM2.5 concentration was higher during the final phase of lockdown
(PM2.5 avg = 70.49 ± 39.53 µg m–3) than during the prelockdown period (PM2.5 avg = 65.57 ± 21.67
µg m–3). A similar trend was observed in Rio De Janeiro, Brazil; compared with the prelockdown
period, Dantas et al. (2020) reported a 17%–34% decline in PM10 concentration in the first
lockdown week. The PM10 concentration then increased during the second and third weeks of
lockdown. The authors attributed this increase to the lack of consensus regarding lockdown
guidelines. This lack of consensus caused an influx of vehicles and people in the city, which
resulted in a notable increase in PM10 concentration.

3.2 Reduction in PM2.5 Mass Concentration from 2019 to 2020
Figs. 4(a) and 4(b) show the daily variations of PM 2.5 concentrations of the studied cities from
1 March to 31 May 2019 and from 1 March to 31 May 2020. The blue and orange lines represent
PM2.5 concentrations during 2019 and 2020, respectively, and the yellow line represents the 24-hour
National Ambient Air Quality Standards (NAAQS) (i.e., 60 µg m–3). The vertical lines represents
the phases of lockdown, starting with Phase 0 (prelockdown). Notably, data from 2019 (base year
without lockdown) are presented in phasewise manner for comparison with 2020. Table 2 lists
the average concentrations of PM2.5 for each phase in 2019 and 2020. The phases with significant
differences in PM2.5 concentration between 2019 and 2020 are highlighted in the table. During
Phase 0, PM2.5 concentration was significantly lower in 2020 than in 2019 except for in Kanpur
and Ghaziabad. Although PM2.5 concentration in 2020 was also lower in these two cities, the
difference was nonsignificant (p > 0.01).
According to the time series plots in Fig. 4, for Phases 1–3, the concentrations of respirable
particles were significantly lower in 2020 than in 2019 for all cities because of the imposition of
lockdown. During Phase 4, the concentration returned to a level similar to that of 2019 in many
of the cities.
Fig. 5 shows the percent change in average PM 2.5 concentrations for 2020 relative to 2019.
These values were calculated using the equation percent change = [(C20 − C19) × 100/C19], where
Aerosol and Air Quality Research | https://aaqr.org
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(a) Cities in UP

(b) Delhi-NCR
Fig. 4. Time series plots of 24-hour daily PM2.5 concentrations in (a) the four NACs of Uttar Pradesh and (b) the three cities in the
Delhi-NCR for 2019 and 2020. Green vertical lines represent the phases of lockdown.
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Fig. 5. Bar chart showing the percentage reduction of PM2.5 mass concentration in the year 2020 with respect to the year 2019.
C19 and C20 are the concentrations of PM2.5 during 2019 and 2020, respectively. Overall, a decline
in PM2.5 concentration was observed in 2020 from 2019 during all phases. However, this result
did not hold during Phase 4 in Agra and Delhi. The greatest decrease in particle concentrations
was observed in Phase 1 (red bar), followed by Phase 3 (blue bar), for all cities except Varanasi.
During Phase 1, the average decline in PM2.5 from 2019 was > 40% in all cities. Similar reductions
in PM2.5 of 40%–60% have been noted for other Indian cities during the same period (Kumar et
al., 2020; Navinya et al., 2020; Singh et al., 2020). During Phase 4, all cities expect for Varanasi
exhibited their minimum percent change with respect to 2019. However, for Delhi and Agra, the
PM2.5 concentrations in Phase 4 were higher than in 2019 (positive value of the pink bar in Fig. 5).
This result was attributed to relaxations of the regulations on travel, industrial activity, and
human gatherings during this phase.
Varanasi exhibited a distinct trend from the other cities. A very steep decline (> 40%) in the
concentration of PM2.5 was observed in 2020 relative to that in 2019 for all lockdown phases. This
trend was attributable to the severe restriction on religious ceremonies (e.g., Aarti) on the ghats
of the Ganges River during all lockdown phases. Varanasi is a major spiritual center in India; the
normal influx of tourists was almost entirely stopped during 2020 due to strict travel restrictions,
further reducing the particulate concentrations.
In the cities of Enshi, Jingmen, and Wuhan in central China, PM 2.5 and PM10 concentrations
decreased by an average of 30%–40% during their lockdown period (January–March 2020)
compared with the average concentrations during the same period from 2017 to 2019 (Xu et al.,
2020). Similar observations were reported from India by Navinya et al. (2020), who compared air
quality in 17 Indian cities. Their study reported that among all air pollutants, PM 2.5 and PM10
concentrations declined the most, particularly in North Indian cities in the Indo-Gangetic plains.
Their results revealed an average reduction of 52.3% in PM 2.5 in Phase 1 relative to 2019 for five
North Indian cities. In particular, they noted decreases in Delhi, Ambala, Amritsar, Jaipur, and
Lucknow of 58.1%, 37.1%, 64.5%, 50.5%, and 51.5%, respectively. These results were similar to
those of the present study, which revealed average 44.6% and 58.5% reductions for the Uttar
Pradesh cities and the Delhi-NCR region, respectively.

3.3 Influence of Transportation Restrictions
On closer inspection, the cities situated in the NCR (i.e., Delhi, Noida, and Ghaziabad) exhibited
greater changes than the other four towns during Phase 1 (Fig. 4). Vehicular movement is
significantly higher in the NCR region than in the other four NACs. According to the road transport
Aerosol and Air Quality Research | https://aaqr.org
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yearbook (2016–2017) published by the Ministry of Road, Transport and Highways (MORTH) in
September 2019, Delhi has the highest number of registered vehicles (> 10 million), followed by
Lucknow and Kanpur, with a total of approximately 2 million registered vehicles in both cities
combined. The number of registered vehicles in the other cities range of 0.9–1 million. In general,
cities with a more vehicles exhibited a greater decline in PM2.5 concentrations in 2020 relative to
2019. The transportation sector, which is a significant contributor to particulate concentrations
in all of these cities, was effectively terminated during lockdown, and similar observation were
reported in other studies. In Milan, Italy, Collivignarelli et al. (2020) reported 37%–44% and
approximately 47% declines in PM2.5 concentration during partial and total lockdown compared
with that in the prelockdown period, respectively. Kerimray et al. (2020) reported an average
decrease of approximately 21% (6%–34%) in Almaty, Kazakhstan. These studies have highlighted
that reduction in transportation was a primary factor for the decline in particulate concentrations.

3.4 Health Benefits Due to Variations in Respirable Particulate Concentrations
The imposition of lockdown and the resulting cessation of vehicular movement (except for
essential services) caused a sharp decrease in ambient respirable particulate concentrations.
Health benefits due to the reduced exposure to respirable particles have been documented,
because they are major carriers of toxins, bacteria, and fungi. Health impacts from particulate
inhalation were quantified using the MPPD and AirQ+ models. These models were utilized to
calculate health benefits due to the prevalence of cleaner air during the lockdown period. The
MPPD results revealed a decrease in the percent deposition of fine particulate matter in the
tracheobronchial region of the lungs. Moreover, the AirQ+ results indicated a decline in mortality
due to the decrease in the concentrations of fine particles during lockdown. Calculations were
performed for all phases of lockdown, and the results were compared with those of the
prelockdown period.

3.5 Reduced particle Deposition in the Tracheobronchial Region of the Lungs
(MPPD)
Fig. 6 shows the percent reduction of particle deposition in the tracheobronchial region of the
lungs due to the inhalation of respirable particles during the lockdown. Fig. 6 reveals a reduction
in particle deposition during each phase of lockdown for all the studied cities. Reductions during
Phases 1 to 4 of lockdown were calculated based on deposition with the average concentrations
of respirable particulates during Phase 0 (prelockdown) as the base value. Percent reduction were
then calculated as [(Dp0 – Dpi) × 100/Dp0], where Dp0 and Dpi are the depositions in tracheobronchial
region calculated based on the average concentration of PM2.5 in Phase 0 and Phase i (i = 1, 2, 3, or
4), respectively. As per this equation, the closer the average value in a phase was to the prelockdown
concentration, the lower the reduction in particle deposition in the tracheobronchial region was.
Average respirable particulate concentrations only exceeded prelockdown concentrations
during lockdown in Agra and Delhi (Phase 4) (Fig. 5; black red, blue, and magenta represent
Phases 1, 2, 3, and 4, respectively). This increase in particle concentrations suggested that particle
deposition may have increased.
Spatiotemporal variation was observed for the reduction in particle deposition. Only Delhi and
Agra exhibited an increase in deposition during Phase 4. Lockdown restrictions were minimized
in Phase 4 for other cities, thus enabling more movement of traffic within the cities. Except for
Varanasi in Phase 1 and Agra and Delhi in Phases 3 and 4, the percent reduction in fine particle
depositions followed a decreasing trend: Phase 1 (7%–47%), Phase 2 (7%–44%), Phase 3 (2%–
39%), and Phase 4 (−8% to 36%). This trend matched the progressive relaxation of restrictions
during the phases of lockdown. The increased concentration of respirable particles after Phase 1
(Fig. 4) resulted in an increased deposition in the tracheobronchial region.
All the cities except for Varanasi exhibited similar results; Phase 1 was the most effective for the
reduction of tracheobronchial particle deposition compared with the prelockdown concentrations,
and Phase 4 was the least effective. For Varanasi, Phase 2 was the most effective.
Varanasi was the city with the maximum difference in reduction in deposition in the
tracheobronchial region between two consecutive phases: a 7% reduction in Phase 1 as followed
by a 44% reduction in Phase 2. In the other six cities, vehicular emissions are the most important
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Fig. 6. Percent reduction in particle deposition in the tracheobronchial region during lockdown
phases relative to the pre-lockdown period.
source of particle pollution; however, Varanasi has other prominent sources of respirable
particles such as cremation rituals and Ghat pooja. Ritual ceremonies were banned in the city
during Phase 2, resulting in a sharp decrease in particulate concentrations (Fig. 4) and a significant
decline in particle deposition in the tracheobronchial region of the lungs. In terms of reduced
respirable particulates deposition, Phase 1 and 2 were the least and most effective lockdowns,
respectively, for Varanasi.

3.6 Reduction in Mortality due to Lockdown (AirQ+)
Fig. 7 shows the number of deaths prevented (per 100,000 persons, age > 30 years) due to
decreased air pollution during lockdown. We calculated deaths prevented based on the deaths
during the prelockdown period of 2020 (Phase 0). Reduction in mortality was calculated as Mp0 –
Mpi, where Mp0 and Mpi are the numbers of deaths calculated using the average concentration of
respirable particulates for Phase 0 and Phase i (i = 1, 2, 3, or 4), respectively. This method was
adopted for all phases and for all cities.
According to Fig. 7, mortality prevention was maximized in all the cities except Varanasi during
Phase 1, followed by Phases 3 and 2. As for particle deposition in the tracheobronchial region,
the reduction of particulate concentrations reduced the number of mortalities. Hence, Phase 4
exhibited the least effective reduction in mortality. In Delhi and Agra, where respirable particulate
concentrations were greater in Phase 4 than in Phase 0, increases in mortality of 0.49 and 0.66
deaths per 100,000 persons were observed, respectively.
For all phases combined, the maximum reduction in mortality was observed in Ghaziabad. As
many as 8.01 deaths per 100,000 persons were prevented in Ghaziabad during Phase 1. In Phase 2,
Varanasi exhibited the largest mortality reduction. Mortality increased in Phase 4 for Delhi and
Agra. In Varanasi, where the respirable particulate concentrations in Phase 1 were closest to those
in Phase 0 (Fig. 3), the least reduction in mortality was observed during Phase 1 (Fig. 7). Similar
reductions were observed for particle deposition in the tracheobronchial region (Fig. 6). For Varanasi,
Phase 1 was least effective with a mortality reduction of only 0.68 deaths per 100,000 persons,
whereas Phase 2 was the most effective, with a reduction of 7.2 deaths per 100,000 persons.
Figs. 6 and 7 show the significant contributions of ambient reduced PM2.5 to improved health;
these findings were corroborated by an extensive European study quantifying the health benefits
from reduced PM2.5 in 26 cities (Ballester et al., 2008). According to their study, if the annual mean
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Fig. 7. Number of deaths prevented per 100,000 persons due to air pollution reduction during
the phases of lockdown relative to the pre-lockdown period.
concentration of PM2.5 is reduced by 15 µg m–3, the total burden of mortality could be reduced among
people aged > 30 years. The percent reduction increased by seven times if PM2.5 concentrations
were reduced to 10 µg m–3. Greenstone and Hanna (2014) examined the environmental regulations
in India and found that air pollution regulations were associated with substantial improvements
in air quality, resulting in a decrease in infant mortality of 0.64 deaths per 1000 live births.

3.7 Air Quality Management in NACs
The CPCB has identified 122 NACs with air pollutants (PM 10 and PM2.5) exceeding the NAAQS.
After the identification of these cities, the National Clean Air Program (NCAP) was implemented;
each state was asked to submit action plans to reduce air pollution concentrations by at least
20% by 2024. NACs were requested to submit midterm 5-year action plans with 2019 as the base
year. This plan may be extended up to 25 years after the midterm review. A main objective of
the NCAP is the stringent implementation of mitigation measures for the prevention, control, and
abatement of air pollution. This is a multisectoral collaborative approach that incorporates the
Smart Cities framework All the cities in the present study, except Noida, are smart cities. Smart
cities are defined as those that uses communication and information technologies to increase
operational efficiency, share information, improve citizen welfare, and enhance the quality of
government services. The relevance of the smart cities framework lies in the promotion of healthy
cities. For instance, this framework can inform city residents about the current and forecasted air
quality parameters, and they can take remedial actions accordingly (e.g., staying at home during
days with high levels of pollution).
The analysis in the present study was a practical example of the health benefits of reducing air
pollution. We observed that a maximum reduction in PM 2.5 concentrations (> 40% relative to
2019) in Phase 1 (Fig. 5) occurred in almost all cities, causing considerable reductions in mortality.
The second highest reduction in particulate concentrations (> 30%) was observed in Phase 3.
Fig. 8 presents the population characteristics of the cities and populations. The details from Fig. 8
and the results of the health impact calculations are summarized in Table 3. City-specific results
varied widely.
All cities except for Varanasi exhibited the cleanest air during Phase 1, along with their
maximum reductions in mortality and particle deposition in the tracheobronchial region of the
lungs (Delhi in Phase 4). For Varanasi, similar results were observed during Phase 2.
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Fig. 8. (a) At-risk population in the seven studied cities arranged in decreasing order and (b) population distribution of the cities
(Census of India Website: Office of the Registrar General & Census Commissioner, India, 2011).
Table 3. Description of the highest and lowest of various parameters among the cities.
Parameter
Population density
Number of affected People
(age > 30 years)
Tracheobronchial deposition
reduction
Mortality reduction

Level
Highest
Lowest
Highest
Lowest
Highest
Lowest

City
Agra, Delhi, Varanasi
Noida, Ghaziabad
Delhi
Varanasi and Noida
Noida, Varanasi
No consistency

Highest
Lowest

Ghaziabad
Delhi

Comment

The lowest reduction in mortality per 100,000 persons
The highest reduction in mortality per 100,000 persons
The trend across the four phases: Varanasi, Agra,
Lucknow, Lucknow

Varanasi and Noida exhibited the maximum reductions in mortality and particulate deposition,
but these were also the lowest numbers of affected people. By contrast, Delhi had the highest
number of affected people, with the second highest population density after Agra, and the lowest
reduction in mortality. In Delhi, more deaths were reported during Phase 4 than during the
prelockdown period, implying that Delhi was among the worst affected cities. In other words, the
city with the highest affected population (i.e., Delhi) exhibited the least change in mortality
between before and during the lockdown. By contrast, cities with low numbers of affected people
(i.e., Noida and Varanasi) had the most significant health benefits.
In summary, Delhi and Noida had the highest and lowest number of affected people,
respectively. Comparing these results with health parameters (i.e., tracheobronchial particulate
deposition and mortality) indicated that the health parameters are independent of the size of
the at-risk population. This observation has far-reaching implications for the NCAP clean air goals.
The present findings suggest that a cost–benefit analysis should be conducted when aiming to
improve air quality in NACs.

4 CONCLUSIONS
•

The results of the study are summarized as follows:
We observed a significant improvement in PM 2.5 concentrations during the COVID-19
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lockdown, with the greatest change at the start of the lockdown in Phase 1. The Delhi-NCR
exhibited a decline of approximately 58.5% compared with 2019, and the four NACs of Uttar
Pradesh exhibited an average reduction of 44.6%.
• Health benefits were also highest during Phase 1. A reduction in mortality of 8.01 per
100,000 people was observed in Ghaziabad during Phase 1 compared with the prelockdown
period.
• Compared with the prelockdown period (Phase 0), particulate deposition in the tracheobronchial
region was reduced by an average of 30.14%, with a corresponding mortality reduction of
29.85 per 100,000 persons.
Mortality and particulate deposition in the lungs are positively correlated with respirable
particulate concentrations, which vary between cities. This suggests that even a small improvement
in the concentration of respirable particulates leads to a considerable reduction in mortality. By
contrast, a considerable decrease in respirable particulate concentrations in another city might
result in only a small change in mortality.
In India, the COVID-19 lockdown provided unique natural experimental settings to assess the
effects of air pollution and quantify the health benefits of a reduction in concentrations of respirable
particulates. Although the reduction of pollutants during lockdown may not be practical in the
long term, the results clearly show a significant improvement in health. These results may help
policymakers and city planners to propose new approaches to control air pollution. Such
approaches may be particularly useful in NACs, where concentrations of respirable particulates
are very high. Strategies for pollution reduction should be city-specific. Additional studies on the
costs incurred by implementing control strategies for reducing respirable particulate concentrations
and the health benefits are also urgently needed.
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