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ABSTRACT

Lockdown seems the most effective way to prevent the spread of Coronavirus disease (COVID-19) as no vaccine is
currently available in the market to cure it. Thus, India has enforced nation-wide lockdown from 25" March to lower the
spread of this contagious virus and associated illness. This study aims to quantify the changes in pollution levels as well as
meteorology during the 6-weeks COVID-19 lockdown over 17 cities of India for 5 major criteria pollutants using publicly
available air quality data. Hourly averaged data is accessed from the air quality monitoring stations during the lockdown and
immediate pre-lockdown periods and also corresponding data from the previous year (2019). During the lockdown, PM s,
PM1o, NO2, and CO reduced significantly with relatively small changes in meteorological conditions compared to the pre-
lockdown period. The highest decline is observed over Ahmedabad (68%), Delhi (71%), Bangalore (87%), and Nagpur
(63%) for PM25, PM1o, NO2, and CO, respectively. The Northern region shows the highest decline for all the pollutants with
most days below NAAQS during lockdown—386%, 68%, and 100% compared to 18%, 0%, and 38% in 2019 for PM;s,
PMy, and NO,, respectively. The smaller cities Dewas and Jorapokhar show lesser improvement with only 3% and 16%
improvement in days under NAAQS for PM2s. SO s the least affected pollutant with little improvement. The major decline
is observed during 7-10 am and 7-10 pm hours of the day for PM2s, PMig, NO, and CO with more than 40% reduction.
The meteorological changes are very small and heterogeneous over India showing a similar extent of changes compared to
the previous year but the pollution levels have reduced significantly. Thus, the sharp decline in pollutant concentration during

the ~6 weeks period national lockdown can be attributed to the reduced economic and transport activities.
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INTRODUCTION

The world is suffering from the Coronavirus disease
(COVID-19) with ~5 million cases and ~330,000 deaths
altogether in 216 countries as of 22" May, 2020 (WHO,
2020). This novel Coronavirus, which is initially detected in
the Wuhan, China, causes mild to moderate respiratory illness
and due to its rapid spread, World Health Organisation
declared it as a pandemic on 30™ Jan, 2020 (Lu et al., 2020).
Since then, it has affected almost every country on the
planet (WHO, 2020). This virus can be spread due to direct
contact with an infected person or touching any virus
carrying surface but the major issue with this virus is its
non-distinguishable symptoms which are flu, fever, sore
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throat, and dry cough (Huang et al., 2020). The virus has
gained global attention due to its highly contagious nature
and the unavailability of standard vaccines (Lu, 2020).
Thus, this pandemic has forced most countries to declare
lockdown as a preventive measure to avoid the spread of the
virus. Hence, the major anthropogenic sources of emissions
in urban areas, the transport sector, in particular, have
significantly reduced during this lockdown (MHA, 2020a).

India is also affected by this virus with ~125,000 active
cases and ~3,700 deaths as of 22" May, 2020 (MoHFW
India, 2020) but the per capita cases are relatively lesser
than other developed countries. The Indian government has
taken an early call to eliminate the spread of the virus by
declaring lockdown from 25" Mar to 14" Apr, 2020, which
was extended until 3" May, 2020 and further until 17 May,
2020 with some provision of movement of the essential
services and goods (MHA, 2020b). All the education institutes,
private firms, inter-state transport via bus, train and
aeroplane are not functioning during the lockdown. Hence,
there is a possibility of a reduction in air pollution levels due
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to reduced anthropogenic activities like transports, which
contributes significantly to the air emissions (Ramachandra
and Shwetmala, 2009; Pandey and Venkataraman, 2014).
Considering the consequence of reduced or stopped
anthropogenic activities, the lockdown is expected to
change the air pollution levels over India similar to what has
been reported for NO, over Wuhan, China in the early stage
of lockdown (NASA, 2020).

A few recent studies have examined the decline of air
pollution levels during the early COVID-19 lockdown at
various locations around the world with majority of the
studies conducted over China as it was the first nation to
declare the lockdown. Xu et al. (2020) reported 30%, 40%,
33%, 61%, and 28 % reduction in PMzs, PM3, SO2, NO,,
and CO, respectively when averaged over three cities of
Central China during February 2020 compared to 2017—
2019. Eastern China showed lower decline during lockdown
for CO (~20%) and NO; (~30%) compared to previous year,
mainly related to reduced usage of coal and oil (Filonchyk
et al., 2020), whereas Northern China reported 5.9%, 13.6%,
6.8%, 24.7%, and 4.6% reduction for PM,s, PMig, SO,
NO,, and CO compared to the pre-lockdown period (Bao
and Zhang, 2020). Another study investigating 336 urban
areas cross China reported 14%, 15%, 12%, 16%, and 12%
reduction in PM_s, PMyg, SO, NO,, and CO, respectively
during lockdown over China compared to 2019 (Chen et al.,
2020). Whereas, satellite data from the Ozone Monitoring
Instrument (OMI) shows a 48% drop in tropospheric NO;
column-averaged over 20 days of the lockdown in China
(Liu et al., 2020). Cadotte (2020) has also observed a decline
in PM_s and NO_ by 14 and 34% over China during January
2020 compared to a previous year respectively. A modeled
study using the Community Multi-Scale Air Quality
(CMAQ) shows a 20% decline in PM2s over Wuhan, China
compared to an unchanged emission scenario if 80 and 20%
transport and industrial emissions reduced respectively due to
lockdown (Wang et al., 2020). The overall 25% improvement
can be seen in the air quality index over China compared to
the same period of the previous year (He et al., 2020).
Studies conducted over Europe found that after two weeks
of lockdown (starting from 14 Mar, 2020) black carbon and
NO; reduced by 45 and 51% over Barcelona, Spain compared
to pre lockdown period respectively (Tobias et al., 2020).
Kerimray et al. (2020) reported 35% and 49% reduction in
NO; and CO, respectively but a 7% increase in SO, compared
to pre-lockdown period over Almaty, Kazakhstan. In Rio de
Janeiro, Brazil, 40% reduction in CO, which is attributed to
reduce light duty vehicles emission, is reported during
partial lockdown compared to previous year (Dantas et al.,
2020). The World's Air Pollution: Real-time Air Quality
Index (WAQI project) shows a monthly mean decline of
PM_ s for February are 57%, 53%, 47%, 45%, and 45% over
Vienna, Paris, Amsterdam, London, and Dublin respectively
(Shrestha et al., 2020). Similarly, a few of the studies
examining early lockdown impact over Indian cities using
ground monitoring data, show 50% decline in PM over India
with Delhi showing highest decline even while meteorology
was unfavourable for such high reduction (Mahato et al.,
2020; Sharma et al., 2020). Satellite data also shows 50%

improvement in the air quality over India (Gautam, 2020).

A few studies have also examined the likely impact of the
decline in air pollution during the lockdown on morbidity
and mortality. More number of deaths are avoided by
preventing ambient air pollution than the deaths due to
COVID-19 (Isaifan, 2020). A satellite data used for the
global inhabited area shows 10.7% decline in NO; as China,
and India shows the highest reduction 20%, and 25% related
to 2019 with total 427 (235, 619) and 52 (29, 76) deaths can
be avoided during 2 weeks of lockdown (Venter et al., 2020).
They also suggest 0.78 million deaths and 1.6 million
pediatric asthma cases can be avoided globally, assuming
the same pollution level maintained over 2020. NO; (40%)
and PM (10%) reduction over Europe due to 37% fall in coal
consumption from power plants, resulted in 11,000 (7,000,
21,000) avoided deaths from air pollution respectively
(Myllyvirta, 2020). In a hypothetical scenario, an NO;
decrease of 30% could result in a 6% reduction in mortality
equivalent of ~100,000 lives saved in China (Dutheil et al.,
2020).

While more and more countries have implemented
lockdowns to counter the COVID-19 spread, the data is
being examined across the globe and the decline in pollution
levels is not homogeneous. This could be due to natural
change in meteorological factors simultaneously during the
lockdowns (Schiermeier, 2020) as well due to likely increase
in some other sources such as residential activities and
household consumption (McNeill, 2020). The anthropogenic
activities may also affect the meteorological parameters but
the time scale required is very large compared to the given
lockdown periods. The changes in the temperature in 50 years
due to the increase in human activities combined with natural
internal variability is ~0.25 K (Tett et al., 1999). The changes
in wind speed are mainly depending on the large scale
circulation and land use land cover change (Wu et al., 2018).
Whereas, water vapor content may increase due to human
activities in an indirect way as it participates in a climate
feedback system (Boucher et al., 2004). However, the
lockdown period may have been too short to bring significant
changes in any of the meteorological parameters. But such
large changes in air pollution may not be induced by small
meteorological changes alone (Schiermeier, 2020). Sharma
et al. (2020) have investigated response of meteorological
parameters over this unprecedented national/regional
lockdown on the changes in air pollution levels in Delhi,
India. But the changes in air quality in other Indian cities
explicitly due to reduced anthropogenic activities have not
been examined.

A past study showed that the transport sector in India
including aviation and trains can emit PMs, CO, and SO, up
to 153.1, 5692.1 and 709.1 Gg year? (Ramachandra and
Shwetmala, 2009). Thus, four weeks of lockdown might have
reduced ~7.6% of total emissions from the transport sector. In
earlier studies, it can be found that wind speed has a huge
impact on the pollution level as it decides the rate of dispersion
(Chaloulakou et al., 2003). Whereas, the relationship between
pollutants and temperature is complex due to a two-way
interaction, as temperature may cause atmospheric inversions
which can increase ground level pollutant concentrations,
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while optical properties of pollutants, specifically fine
particulate matter, can affect the temperature (Wallace and
Kanaroglou, 2009).

The changes in pollution levels before and during
lockdown may be driven by meteorological changes as well
as due to a drastic reduction in anthropogenic activities
during the lockdown. Government of India enforced the first
national lockdown on 25™ Mar, 2020 for three weeks, which
was extended for another three weeks (14" Apr-3 May).
However, a detailed study on impact of the extended 6-week
lockdown on air quality across Indian cities using ground
in-situ data comparing it with previous concentrations is
missing. Moreover, the changes in meteorology during the
lockdowns haven’t been examined for any region, either.
Thus, this study aims to evaluate the changes in air pollutant
levels and meteorology during the lockdown period over
India and assess the impact of the lockdown on air quality
over urban areas across the country.

METHODOLOGY

The criteria air pollutants are being monitored by the
central pollution control board (CPCB) over 573 monitoring
stations in 240 Indian cities with the finest temporal
resolution of 15 minutes (CPCB, 2011, 2020; ENVIS, 2020)
The standard measurement methods are used to quantify the
concentrations. PMy, SOz, NO,, and CO are measured using
the tapered element oscillating microbalance (TEOM),
Improved West and Gaeke Method, Jacob & Hochheiser

modified method, and Non-dispersive Infrared (NDIR)
Spectroscopy, respectively (CPCB, 2011). The hourly
concentration of PMas, PM1g, SOz, NO2, and CO over 17
cities, one station in each city, were considered for analysis
as shown in Fig. 1 (details provided in Supplementary report,
Table S1). Four-time periods viz. 1 Feb-24 Mar, 2019
(termed hereafter as P19), 25 Mar—3 May, 2019 (L19), 1 Feb—
24 Mar, 2020 (P20) and 25 Mar—3 May, 2020 (L20) were
chosen to examine the variation of air pollutant concentration.
The time period of interest, L20 is the ~6 weeks national
lockdown period due to the COVID-19 outbreak in India,
whereas, P20, an ~8 weeks period immediately before the
lockdown was used to compare and contrast the earlier
pollution levels with an uninterrupted lifestyle. A longer
pre-lockdown period, P20, was taken to accommodate the
earlier partial lockdowns in some of the states prior to
nationwide lockdown, and thus completely separating the
lockdown period (i.e., L20) from prior period with
uninterrupted lifestyle and economic activities. Since the
pre-lockdown period includes February (the last month of
winter) with lower temperatures, particularly in Northern
India compared to the lockdown period (Spring season), last
year's concentrations during the analogous periods, P19 and
L19, are also considered for comparing with the 2020 air
pollution levels.

Three meteorological parameters, wind speed (WS),
temperature (T), and relative humidity (RH) from the
weather stations from the same CPCB stations are used to
verify any abnormal changes during the national lockdown
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Fig. 1. The location of CPCB stations used in this study. 1) Delhi, 2) Ambala, 3) Amritsar, 4) Jaipur, 5) Lucknow, 6) Patna
7) Jorapokhar, 8) Kolkata, 9) Ahmedabad, 10) Dewas, 11) Mumbai 12) Nagpur, 13) Amaravati, 14) Bangalore, 15) Trivandrum,

16) Chennai and 17) Hyderabad. (One station in each city).



1762

and account for the changes in pollutant concentrations due
to reduced anthropogenic activities against meteorological
influences. The data is examined for any obscure values and
removed, if found much beyond the explainable range
before the analysis. The inter-comparison is conducted
between the four time periods (P19, L19, P20, and L20) for
all the five criteria pollutants as well as three meteorological
parameters. Mean daily and diurnal variations are examined
in meteorology along with the comparison among stations
using the CPCB data as provided from the publicly accessible
portal. To understand the relative impact of meteorology
and activity reduction during the lockdown, the normalized
percent change in the meteorological and air pollution
between the lockdown (L20) and analogous period from
previous year (L19) is examined (along with other paired
comparisons, i.e., L20 vs. L19 and L19 vs. P19).

Statistical analysis includes the pairwise comparison
based on Student t-test with Bonferroni correction. For each
of the pollutant and meteorological parameters for every
stations, four comparisons are made (L20 vs. P20, L20 vs.
L19, L19 vs. P19 and P19 vs. P20) thus a Bonferroni corrected
p value of 0.0125, is used for statistical significance (Cleophas
et al., 2011). Additionally, a 2 x 17 factorial Analysis of
Variance (ANOVA) analysis is used to examine the data
altogether from all stations for examining the relative
changes for P19/P20 vs. L19/L20 (Lani, 2010). To further
separate out the changes in air quality due to concurrent
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changes in meteorology and activities reduction due to
national lockdown is examined by using ANOVA with a
difference-in-difference (DiD) method (Ghei and Sane,
2018; He et al., 2020) between 2019 and 2020. Lastly, the air
quality impact during and before lockdown is also examined
by comparing the daily exceedance of National Ambient Air
Quality Standards (NAAQS) in India. All data analysis is
done using MS Excel 2013 and MATLAB R2017b.

RESULTS AND DISCUSSION

Meteorology

The daily variation in all three meteorological parameters
averaged over all 17 cities show similar variation during the
four time periods (during and pre-lockdown for year 2019
and 2020) with overlapping standard deviations (Fig. 2).
The wind speed and temperature show a slightly increasing
trend with the constant decline in relative humidity throughout
the study period over India which might be attributed to
seasonal change as season shifts from pre-monsoon to
monsoon with expected onset on first week of June 2020
(Kothawale et al., 2010; IMD, 2020). The difference between
2019 and 2020 doesn’t show any abnormal fluctuations
before and after the lockdown. When examined for individual
cities, the average wind speed over the pre-lockdown and
lockdown periods compared to 2019 are similar for all the
cities except Ahmedabad (Fig. S1). However, the temperature
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Fig. 2. Daily variation averaged over all the stations for (a) wind speed, (b) temperature, and (c) relative humidity. Shaded
areas show standard deviation. The vertical blue line shows the start of the lockdown period in 2020.
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shows, slight reduction during the lockdown over most of
the cities as both P20 and L20 are lesser than P19 and P20,
respectively, especially in Eastern and Southern India. The
relative humidity also shows a good overlap of standard
deviation over most of the cities except Chennai and
Ahmedabad for the pre-lockdown period, and Delhi, Patna,
and Nagpur for the lockdown period. The mean temperature
in 2020 is slightly lower than in 2019 for both the time periods
(Fig. 2). It can be observed that the diurnal variation of all
three meteorological parameters (Fig. S2) show unimodal
variation similar to earlier studies (Mahapatra et al., 2013).
Wind speed and temperature show a peak at 3 pm, meanwhile,
RH shows a trough at the same hour of the day. All three
parameters in the diurnal plots show good overlap without
any abnormal changes among the four-time periods. Thus,
the changes in meteorology are negligible to induce large
reductions in the air pollution levels and the decline in pollution
levels can likely be attributed to reduced anthropogenic
activities during the lockdown (Schiermeier, 2020).

To account for the potential meteorological impact, we
examined the percent difference in 2020 relative to 2019 for
mean hourly meteorological parameters averaged over
17 cities, as shown in Fig. 3. The relative changes in all
parameters during pre-lockdown and lockdown can be seen
similar, particularly for temperature. The fluctuation in

wind speed and RH is £50%, whereas, temperature varies
only +20% in both these periods over India. During the
lockdown period, the relative windspeed is randomly
distributed while the temperature and RH show an overall
negative and positive deviation, respectively, from 2019.

Considering low wind speed and temperature with high
RH are favourable to stagnation which lead to higher local
pollution levels, and that we have found that RH increased,
and temperature and wind speed decreased over most of the
cities compared to year 2019, we may have expected higher
pollutant concentrations during the lockdown (during L20
vs. L19). Examining the data over five metropolitan cities
during the first three weeks of lockdown in India, Jain and
Sharma, (2020) suggested that increased WS, and T
compared to pre-lockdown period with RH ranging 50-64%
are favourable for lower concentration. However, extent of
the changes is similar if compared to analogous period in
previous year. Moreover, we find that these meteorological
differences in pre-lockdown and lockdown periods were not
uniform across the country, the Northern cities experienced
higher temperature and low humidity during lockdown
while it was other way around in the Southern cities (see
Table S2). Hence, these changes in meteorology alone
might not be responsible for such large pollution decline
across India.
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Fig. 3. The percent change in (a) wind speed, (b) temperature and, (c) relative humidity for different days vs. hours in 2020
(compared to previous year, 2019). The vertical blue line shows the start of the lockdown period in 2020.
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Air Quality

Fig. 4 presents the city-wise mean (£SD) of various
criteria air pollutants during the four time periods, including
the lockdown period (L20). As can be noted, the mean air
pollutants concentrations show large heterogeneity over the
Indian region with more pollution levels in the Northern
cities than the South. The concentration of PMs can be seen
higher over the Indo-Gangetic Plain (Delhi, Lucknow, and
Patna) which matches the latest study using the same data
(Navinya et al., 2020). The standard deviations for P19 vs.
P20 periods overlap well with each another for cities except
Patna but L19 vs. L20 show the concentrations have reduced
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significantly over most of the stations for L20 compare to
the same period in the previous year. Among all pollutants,
PM_s and PMyo exhibit the most reduction, in particular,
over Delhi, Lucknow, and Ahmedabad during the lockdown.
Considering all pollutants, Delhi experienced the highest
reduction which varies from 30% for CO to 80% for NO,
and may be attributed to reduced traffic density as a study
shows ~72% of the pollution over Delhi is attributed to the
transport sector (Goyal et al., 2006). The reduction over
Northern India is much higher than Central China for all the
pollutants during a lockdown, especially, Delhi is showing
two-fold higher reductions (~58% and ~71%) in PM2s and
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Fig. 4. Station to station variation in pollutants concentration during the four time periods. Here (a), (b), (c), (d), and (e) show
the mean station values for P19 vs. P20 periods, while (f), (g), (h), (i), and (j) correspond to L19 vs. L20 for PMzs, PMyg,
S0,, NO,, and CO respectively. Error bars show the standard deviation. PMyo data is missing for station 5, 6, and 16 for both
the years. 2019 data is missing for, PM at station 9, SO, at station 3, and CO at station 7.
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PM 3, compared to Central China (~30% and ~41%) (Xu et al.,
2020) which matches with the reported ~50% improvement in
the AQI of the Delhi during first three weeks of the
lockdown (Sharma et al., 2020).

The daily variation in mean air pollution levels across all
17 stations during ~14 weeks (comprising of all four time
periods) is shown in Fig. 5. It can be seen that PM;s, PMjy,
NO,, and CO show similar and random variation during the
pre-lockdown period for both years (P19 and P20) with well
overlapped standard deviations. However, there is a significant
decrease in all pollutants except SO, during the lockdown
period (i.e., L20), compared to similar period in 2019, (L19)
(p < 0.05). Also, the sudden decline in mean air pollutant
concentrations can be noticed from 22" March prior to the
start of national lockdown, i.e., 25" March. It is because
honourable prime minister of India appealed for a voluntary
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lockdown on 22 Mar, 2020, following which some States
started partial lockdown, including stopping within country
travel from 23" March onward. Thus, a large decline of
~40% can be seen in the immediate few days after the start
of the lockdown (Mabhato et al., 2020). The diurnal variation
of pollutants (see Fig. S3) also does not show appreciable
differences in mean PM.s, PM1o and NO; levels between
the P19 and L19 periods, however, significant decrease can
be seen for these pollutants during lockdown (L20) compared
to P20 period for all hours, with a bimodal distribution
having peaks in morning (7—10 am) and evening (7—10 pm).
CO also exhibits appreciable reduction during evening hours.

Relative reduction in pollutants levels averaged over all
17 cities by each hour during the lockdown and pre-
lockdown periods is presented in Fig. 6. For all pollutants
but SO, the ~50% reduction during lockdown (till 3 May,
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Fig. 5. Daily and diurnal variation averaged over all the stations for (a) PM2s, (b) PM1g, and (c) SO, (d) NO2, and (e) CO.
Shaded areas shows standard. The vertical blue line shows the start of the lockdown period in 2020.
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2020) can be observed, which is much higher than the
reduction reported till 14™ April, 2020 (Sharma et al., 2020).
The highest reduction can be seen during the morning (7-
10 am) and evening (7-10 pm) periods, likely due to the
reduction in traffic emissions, in particular - during these
most active periods. Indian traffic pattern is well correlated
with pollution concentration in a bimodal variation
(Bathmanabhan and Saragur Madanayak, 2010; Goyal et
al., 2013). CO shows a larger change in the night time only.
In comparison, the pre-lockdown period (P20) shows a large
increase in pollutant concentration > 80% (compared to
previous year, P19), especially for CO.

To quantify the impact of lockdown over individual cities
across India, we examined the mean percent change in
pollutants concentration, as shown in Table 1. The percent
change is normalized to previous year levels (i.e.,
normalized % change = (L20 — L19)/L19 x 100). It can be
seen that PM, s and PMyo have declined over all the stations
with large reduction observed in the Northern region. The
mean reduction in cities across India for PM2s, PMso, NO;
and CO are 35%, 40.5%, 27.9% and 13.9%, respectively.
PMas, PM1g, SOz, NO,, and CO concentrations showed the
highest reduction in Ahmedabad (-67.5%), Delhi (-70.5%),
Nagpur (-90.6%), Bangalore (-86.7%), and Nagpur (—63.0%),
respectively during the lockdown, which is higher than any

reported decline during lockdowns over any other cities
(Chauhan and Singh, 2020; Kerimray et al., 2020; Shrestha
et al., 2020; Tob#s et al., 2020; Venter et al., 2020; Wang
et al., 2020; Xu et al., 2020). Similarly, the number of cities
with more than 30% decline (during lockdown compared to
pre-lockdown) has increased in 2020 compared to the same
period in 2019 (see Table S3). During the lockdown period
(25 Mar-3 May), we find 15 (17), 11 (13), 4 (17), 14 (17),
and 10 (17) cities in 2020 with more than 30% decline in
PMas, PMig, SO, NO,, and CO respectively, whereas during
the same period in 2019, only 5 (out of 17), 2 (13), 5 (16),
5(17), and 1 (16) cities experienced a pollution reduction of
that magnitude compared to the pre-lockdown period (1 Feb—
24 Mar). Similarly, more than 30% decline has been observed
during the national lockdown (compared to the same period
in 2019) over 10 (out of 17), 10 (13), 13 (17), and 7 (17)
cities across India for PM_s, PM1g, NO,, and CO, respectively.

The large air quality improvement can be seen in NO;
which also matches with previous studies over China,
Almaty and Barcelona (Kerimray et al., 2020; Tobms et al.,
2020; Xu et al., 2020). The decline in NO; reported by
Venter et al. (2020) for China and Europe is 12% and 20%
but 13 out of 17 Indian cities are showing more than 30%
decline in NO; concentration with highest 87% change over
Bangalore (Venter et al., 2020). The decline in PMyo over

Hours of the day

Fig. 6. The percent change in (a) PM2s, (b) PMio, (c) SOz, (d) NO2, and (e) CO for days vs. hours variation in 2020.
(Compared to previous year, 2019). The vertical blue line shows the start of the lockdown period in 2020.
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Table 1. Percentage change in mean pollutant levels and meteorological parameters during lockdown (L20) with respect to
L19. The % change is normalized to L19 levels i.e., (L20 — L19)/L19 x 100. Bold number indicates p-value < 0.0125. ND

= No data.

Region City

% change during COVID-19 lockdown

PM,s PMyo SO, NO, CO WS T RH
North Delhi -58.1 -70.5 -53.2 -79.2 -30.2 9.3 ND 59.4
Ambala -37.1 —-60.3 -36.4 —42.0 -39.1 -1.0 ND 14.8
Amritsar —-64.5 415 -86.5 -38.8 -5.3 -14.8 -8.4 24.7
Jaipur -50.5 —48.1 -8.9 -68.4 -55.0 -26.7 ND 67.7
Lucknow -51.5 ND 167.4 8.1 -30.1 5.6 ND 11.8
East Patna 14.2 ND —64.4 226.5 27.2 -68.3 ND 39.3
Jorapokhar -24.7 -10.2 294.3 19.1 ND ND -12.6 -71.2
Kolkata -235 —24.2 45.6 -55.9 14.8 -28.4 -0.8 -4.1
West Ahmedabad —67.7 ND -33.4 —67.5 -36.5 111.7 ND 11.2
Dewas -12.9 -33.1 88.4 -52.4 141.0 8.7 6.5 36.0

Mumbai -0.9 -27.3 46.9 -57.9 —45.6 -21.1 2.4 4.9
Nagpur -52.6 -52.6 -90.6 —49.9 —-63.0 -39.6 -8.1 50.9

South Amaravati -17.7 -37.9 19.4 -63.9 -3.6 -10.5 0.1 3.8
Bangalore —-45.4 —48.9 -80.5 —-86.7 —24.2 -134 -14.1 10.8

Trivandrum -52.9 -38.5 252.3 5.9 -23.7 -15.7 -6.2 2.1
Chennai -30.2 ND —69.2 -36.3 -23.7 -7.1 ND 7.2

Hyderabad -19.4 -31.9 26.0 -35.0 -26.1 -19.8 -3.2 9.0

Delhi has reported as 32.5% during March 2020 (Shrestha
et al., 2020) but the extension of lockdown, evaluated here,
reduced it further to 70%.

A few studies examining the early lockdown effect (of
3 weeks duration), focusing mainly on Delhi show that the
pollution level for PMss, PM1o, NO,, and CO has decreased
by 41%, 52%, 51% and 28 %, respectively till 6 April, 2020
compared to 10 days of pre-lockdown (Jain and Sharma,
2020). Similarly, Sharma et al. (2020) report 43%, 31%,
18%, and 10% decline in these pollutants till 19 April, 2020,
respectively. However, both studies tried to link it with the
meteorology for Delhi only. Sharma et al. (2020) used WRF
AERMOD for predicting PM, s under actual and unfavorable
meteorological conditions, and predicted higher PMas
concentrations during lockdown compared to the observed
concentrations, implying the significant impact of activity
restrictions during lockdown on improvement in air quality
in Delhi. However, Jain and Sharma (2020) has done
qualitative comparison over Delhi, showing slight increase
in temperature and wind speed which is more favourable to
have low concentration as it leads to more dispersion (Jain
and Sharma, 2020).

In studies elsewhere, Li et al. (2020) found that the PM. s
reduced by 27 to 47% during lockdown I to Il over Yangtze
River Delta (YRD) region China with no obvious change in
meteorology compared to previous year (Li et al., 2020).
Kota Damansara region, Malaysia recorded 49% drop in CO
concentration which is highest among all reported studies
during lockdown but surprisingly, PM2s and PMjo is
increased by 60 and 9.7%, respectively which is attributed
to increase in local burning (Mohd Nadzir et al., 2020).
Chauhan and Singh (2020) reported 11% reduction in PMz 5
over Dubai during March 2020 compared with 2019,
whereas, PM,s during March 2020 was reported 24% and
58% lesser compared to February 2020 over Rome, Italy

and Zaragoza, Spain respectively.

The fraction of days below the NAAQS limits during the
two time periods (L19 and L20) is examined, which shows
metropolitan areas such as Delhi, Jaipur, Lucknow,
Ahmedabad, Nagpur, and Chennai experience >20%
improvement in PM,s, whereas, smaller cities such as Dewas
and Jorapokhar show lesser improvement (see Table 2). The
larger improvement can be observed in the Northern region
compared to Central China (Xu et al., 2020) as 70% extra
days are under the NAAQS limit for PM,5 and PMyo over
Delhi during lockdown compared to previous year. SO is
below the NAAQS for both the time periods as also reported
for early lockdown period by Sharma et al. (2020). On the
other hand, during lockdown, 100% days were under the
NAAQS limit for NO, and CO over all the cities. The two
major cities Mumbai and Delhi with highly dense population
and ~20% of the PMyo emissions are from the vehicular
sector, shows different changes in pollution level which
may be likely attributed to the transport sector as people in
Mumbai primarily commute through suburban trains and
public transport, whereas, in Delhi relatively more private
vehicles are used, resulting in overall 60% higher energy
consumption than Mumbai (Das and Parikh, 2004; Gupta et
al., 2012; Sharma et al., 2014). The 4 major cities of Southern
India show constant 20% decline in the CO concentration
but the recent study examining the impact of first three
weeks of the national lockdown impact in India (until 14"
April, 2020) reported increase in CO compared to the
previous year (Sharma et al., 2020).

The observed large decline in most air pollutants over
India is much higher than any other reported study during
COVID-19 lockdown and cannot be explained by meteorology
alone as the changes in meteorological parameters in 2020
(L20-P20) are similar (Table S2) with previous year but the
pollutant concentrations differ widely (Table S3). Hence, to
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Table 2. City-wise percentage of days within the NAAQS limits during the lockdown period (L20) compared to

corresponding previous year period (L19). ND = No data.

. . PMzs PM1o SO, NO, co
Region City L19 L20 L19 L20 L19 120 L19 L20 L19 L20
North Delhi 18 86 0 100 100 38 100 93 96
Ambala 90 100 15 100 100 100 100 100 100 100
Amritsar 65 100 48 100 100 95 100 99 100
Jaipur 38 98 10 100 100 98 100 96 100
Lucknow 23 83 ND ND 100 100 100 100 98 100
East Patna 60 36 ND ND 100 100 90 0 96 100
Jorapokhar 64 80 40 100 100 100 100 ND 98
Kolkata 93 100 88 100 100 100 98 100 100 100
West Ahmedabad 0 100 ND 84 100 68 100 100 100
Dewas 70 73 10 100 100 100 100 100 100
Mumbai 100 100 78 100 100 100 100 100 100
Nagpur 80 100 50 100 100 100 100 100 95 100
South Amaravati 100 100 93 100 100 100 100 100 99 96
Bangalore 100 100 60 100 100 100 98 100 100 100
Trivandrum 100 100 98 100 100 100 100 100 100 100
Chennai 80 100 ND ND 100 100 100 100 100 100
Hyderabad 72 97 22 100 100 100 100 100 100 100

further understand the impact of lockdown only, DiD method
was used, where the relative difference in pollutants and
meteorological variables in 2020 and 2019 was examined
during the lockdown and pre-lockdown periods. The statistical
results of this analysis are presented in Table S4. We can
note that all pollutants except SO, are significantly lower
during the lockdown (P <<< 0.05), while there is no evidence
of statistically significant difference in meteorological
parameters (p >> 0.05). The changes in the SO, during
lockdown (until 3 May, 2020) are not significant which is
also reported by recent studies examining the early impact
of COVID-19 lockdown in India (Jain and Sharma, 2020;
Sharma et al., 2020). The cities like Delhi experienced 43,
31, 18, and 10% reduction in PM.s, PM1, NO2, and CO,
respectively, till 19 Apr, 2020 but further dropped to 58, 70,
80, and 30% by 3 May, 2020 compared to previous year,
respectively (Sharma et al., 2020). Similar drop is seen in
the other mega cities - Chennai, Bangalore, and Kolkata as
well (Jain and Sharma, 2020). The large decline in air
pollutants observed during ~6 weeks national lockdown in
India with smaller changes in meteorology thus suggest that
the reduced activities, transportation, in particular, are
responsible for the significant improvement in air quality.
Considering dynamic nature of meteorology, we also
suggest that comparative analysis of natural intervention
such as during COVID-19 lockdown should incorporate
long term meteorology (of several weeks) when examining
the impact of the intervention on air quality.

CONCLUSIONS

1. The effect of restricted human activities during 6-week
long COVID-19 national lockdown on air quality of
17 cities across India is examined. By considering four
different timeframes, attempt is made to disentangle the
effect of meteorology and the lockdown. A significant

decline is observed during lockdown for PM;s, PMy,
NO,, and CO with little changes in meteorology compared
to the pre-lockdown periods suggesting the reduction in
pollution is due to reduced anthropogenic activities
during the lockdown.

2. The Largest decline in PM.s, PM1g, NO,, and CO was
observed in metropolitan cities Ahmedabad (67%),
Delhi (70%), Bangalore (86%), and Nagpur (63%),
respectively.

3. More than 30% decline has been observed during the
national lockdown (compared to same period in the
previous year) over 10 (out of 17), 10 (13), 13 (17), and
7 (17) cities across India for PMzs, PM1g, NO2, and CO,
respectively.

4. All station mean shows, higher reduction (> 40%)
during 7-10 am for PM_sand PMyo and during 7-10 pm
for PM2s, PM1g, NO,, and CO than other times.

5. Northern region shows the highest decline for all the
pollutants with most days (70-100%) below NAAQS
during lockdown compared to 0-40% in 2019 for PM;s,
PMlo, and NOz

6. The changes in meteorology during the lockdown are
heterogeneous and very small across all the cities, but
the large decline is observed in air pollutants which cannot
be induced by such small meteorological fluctuations
only.
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