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The COVID-19 pandemic has affected severely the economic structure and health care system, among others, of India and the rest of the world. The magnitude of its aftermath is exceptionally devastating in India, with the first case reported in January 2020, and the number has risen to ~31.3 million as of July 23, 2021. India imposed a complete lockdown on March 25, which severely impacted migrant population, industrial sector, tourism industry, and overall economic growth. Herein, the impacts of lockdown and unlock phases on ambient atmospheric air quality variables have been assessed across 16 major cities of India covering the north-to-south stretch of the country. In general, all assessed air pollutants showed a substantial decrease in AQI values during the lockdown compared with the reference period (2017–2019) for almost all the reported cities across India. On an average, about 30–50% reduction in AQI has been observed for PM2.5, PM10, and CO, and maximum reduction of 40–60% of NO2 has been observed herein, while the data was average for northern, western, and southern India. SO2 and O3 showed an increase over a few cities as well as a decrease over the other cities. Maximum reduction (49%) in PM2.5 was observed over north India during the lockdown period. Furthermore, the changes in pollution levels showed a significant reduction in the first three phases of lockdown and a steady increase during subsequent phase of lockdown and unlock period. Our results show the substantial effect of lockdown on reduction in atmospheric loading of key anthropogenic pollutants due to less-to-no impact from industrial activities and vehicular emissions, and relatively clean transport of air masses from the upwind region. These results indicate that by adopting cleaner fuel technology and avoiding poor combustion activities across the urban agglomerations in India could bring down ambient levels of air pollution at least by 30%.
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INTRODUCTION

A novel infectious disease for the first time was identified in Wuhan, China, in late December 2019 and was named as 2019 novel corona virus and later on renamed as the COVID-19 (Chen et al., 2020) on February 11, 2020 by the International Committee on Taxonomy of Viruses. Later on in January 2020, the World Health Organization (WHO) revealed human transmission of COVID-19 through respiratory droplets (WHO, 2020), which subsequently got spread throughout the China, and the outbreak was turned into an epidemic (Dutheil et al., 2020). On January 30, 2020, the WHO declared the COVID-19 as a global pandemic. Subsequently, the transmission of pandemic COVID-19 via airborne pathway was recognized by the WHO. After the severe acute respiratory syndrome coronavirus (SARS-CoV) in 2002, which influenced around 37 countries and the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012, the COVID-19 is the third major zoonotically spread calamity of the current century.

To slow down the rate of spread of virus, almost all the countries have followed partial-to-complete lockdown practice (Tosepu et al., 2020). Globally, the economic activities were ceased, and stock markets plunged along with the falling carbon emission. The industrial activities were shut down globally due to the imposed lockdown. The informal economic sector suffered a major fall along with the transport sector as most of the countries imposed complete lockdown. Global fossil fuel demand dropped down severely, as industrial and transport sectors came to a halt for a while across the world. As far as the scenario of COVID-19 in India is concerned, the first COVID-19 incidence in India was registered on January 30, 2020, in the state of Kerala, and the travel restrictions to several countries were imposed from March 11, 2020 soon after a steep rise in the number of incidences on March 4, 2020. From March 16 onward, all places of public gathering were shut down across India. The first nationwide lockdown, on a trial mode, was witnessed on March 22, 2020, and subsequently, from March 24, 2020 a nationwide complete lockdown for 21 days was announced by the Central Government of India. The different phases of lockdown and unlock in India are given in Table 1.


Table 1. Different timelines that India adopted for lockdown and unlock phases.
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Significant impacts of lockdown were observed on air quality across the world (Berman and Ebisu, 2020; Nakada et al., 2020; Venter et al., 2020) and in India (Kumar, 2020; Kumar, 2020; Sarfraz et al., 2020; Sharma et al., 2020; Dumka et al., 2021). A positive association between COVID-19 cases and meteorological parameters has also been shown recently (Kumar, 2020). Dumka et al. (2021) has shown that more than 50% reduction in PM2.5 and NO2 concentrations occurred over Delhi—NCR, mainly due to restrictions in traffic-related activities. Nationwide lockdown amid the COVID-19 pandemic had a significant impact on the air quality index. Thus, a quantitative assessment of air quality variables is needed to understand the impact of lockdown on anthropogenic emission source impact and their reframe mitigation policies in India. The major objective of the present study was to assess the changes in ambient air quality during lockdown and in the subsequent unlock phases across India.


Data and Methodology

To assess the impact of nationwide lockdown on ambient air quality in India, we have chosen 16 major cities (Chandigarh, Delhi, Jaipur, Lucknow, Patna, Kolkata, Gandhinagar, Bhopal, Nashik, Mumbai, Nagpur, Hyderabad, Bengaluru, Chennai, Visakhapatnam, and Thiruvananthapuram) across the country (Figure 1). The selection of these cities is based on the level of urbanization linked to air pollution, implementation of lockdown policy, coverage of typical major cities in the country, and availability of data set of air pollution and meteorological parameters. The daily average (and median) along with minimum, maximum, and standard deviation of each of the air pollutants and meteorological parameters during January 1 to June 30 for 4 years (2017–2020) were retrieved from the World Air Quality Index (WAQI) Project (https://aqicn.org/data-platform/covid19/) having data source (for Indian region) originally from India's Central Pollution Control Board (cpcb.nic.in/), U.S. Embassy and Consulates' Air Quality Monitor in India (in.usembassy.gov/embassy-consulates/new-delhi/air-quality-data/), Delhi Pollution Control Committee (dpccairdata.com/), and India Meteorological Department (www.imd.gov.in/). The daily average air pollutants and meteorological data set for each of the cities have been deduced from the average of the respective data recorded from monitoring stations located in that city. The key air pollutant species such as particulate matter with aerodynamic diameter ≤2.5 and ≤10 μm (PM2.5 and PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2), carbon monoxide (CO), and tropospheric ozone (O3) along with the meteorological parameters [relative humidity (RH), near surface air temperature (T), and wind speed (WS)] have been assessed herein.
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FIGURE 1. Map of India showing the geographical location of all the 16 cities studied herein.


All air pollutants reported in this study were converted with respect to the United States Environmental Protection Agency (US EPA) standard (Mintz, 2018). The first step is to identify the highest concentration of pollutants among all of the monitors within each locations and then truncate it as PM2.5 (μg/m3) to one decimal place, PM10 (μg/m3) to integer, CO (ppm) to one decimal place, SO2 (ppb) to integer, NO2 (ppb) to integer, and O3 (ppm) to three decimal places. Subsequently, with the aid of the two breakpoints, the concentration was summarized (Supplementary Table 1). Finally, the index was calculated using the following equation:
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where, Ip is the index of a pollutant p, Cp is the truncated concentration of that pollutant p, BPHi is the concentration breakpoint ≥Cp, BPLo is the concentration breakpoint ≤Cp, IHi is the AQI value corresponding to BPHi, and ILo is the AQI value corresponding to BPLo. The details of AQI estimation for different pollutants have been provided elsewhere (Bishoi et al., 2009; Mintz, 2018).

The concentration of the ambient air pollutant not only depends on the intensity of its emission but also on meteorological conditions. Therefore, in order to see the net change due to restrictions on emission sources, we need to normalize the concentration of the pollutant with meteorology. There are various methods existing to account for (or normalize) meteorological effects on the concentration of the ambient air (Dai et al., 2020; Petetin et al., 2020; Falocchi et al., 2021). In this study, we have used the ventilation coefficient (VC) to normalize the meteorological influence (Dai et al., 2020) on ambient AQI. The hourly wind vector at 2 m (above the ground) and mixing-layer height data over all studied 16 cities (during March to June, 2017–2020) have been obtained from ERA5 global reanalysis products (Hersbach et al., 2020). The daily mean VC is estimated by taking the product of the daily mean mixing-layer height and wind speed for each of the cities during the study period. Furthermore, climatological or the long-term mean of VC (VCmean) specific to each city has been estimated by taking the average of daily VCs during the study period (2017–2020). The influence of meteorological dispersion on observed AQI has been removed by normalizing the AQI data of each pollutant with VCmean for every city using the following equation (2) as given by Dai et al. (2020).
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where AQIVC, i is meteorology normalized AQI for the ith day, AQIi is the AQI measured on the ith day, and VCi is the ventilation coefficient on the ith day. Furthermore, meteorologically normalized (hereafter represented as “met normalized”) AQI data of each pollutant has been used to see the relative changes in AQI during the lockdown period compared with the reference period across the 16 Indian cities.




RESULTS AND DISCUSSION


Effect of Meteorology on Observed Changes in Ambient AQI

The wind speed and direction are important parameters that significantly impact the concentration of the pollutants in ambient air. We have analyzed the wind rose maps for reference and lockdown period for each city. Supplementary Figure 1 shows the prevailing wind direction and speeds in selected cities in north India for the study period. The suffixes “Ref” and “Cov” refer to reference period (in 2017, 2018, and 2019) and lockdown period due to COVID (in 2020) trends, respectively. The legend colors represent increasing wind speed from top to bottom. The wind rose plots for other cities are provided in the Supplementary Material for western Indian cities (Supplementary Figure 2) and south Indian cities (Supplementary Figure 3) in our study. Briefly, we have not found any significant change in prevailed wind directions during the COVID year with respect to reference period over any city. In other words, we can say that both the periods have a similar kind of wind pattern over the Indian cities. Furthermore, Table 2 shows the mean values of meteorological parameters (RH, T, and WS) during the reference and lockdown period for the 16 major cities of India. In general, the lockdown period was, on an average, characterized by relatively high humidity and lower mean temperature compared with the reference period. The wind speed appeared to be nearly similar during lockdown as well as the reference period. Nevertheless, the day-to-day variability in meteorological parameters for 1 year to another could be quite significant, and thus, taking into account for meteorological variability, while comparing pollutant concentrations is of utmost importance (Dandotiya et al., 2019; Nandi, 2020).


Table 2. Mean values of meteorological parameters during complete lockdown period (in 2020, as Cov.) and reference period (as Ref.).
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Table 1 shows the different phases of lockdown and unlock period practiced in India to control the spread of COVID-19. Lockdown period was imposed in four phases: P1 (March 25 to April 14), P2 (April 15 to May 3), P3 (May 4 to May 17), and P4 (May 18 to May 31) (Saha and Chouhan, 2021). P1 and P2 were the periods of complete nationwide lockdown, whereas P3 and P4 were the periods of partial lockdown. In order to assess the maximum reduction in anthropogenic contribution to AQI, we choose the complete lockdown period. The mean USEPA standardized AQI values (with and without normalization to meteorological parameter) of various air pollutants averaged during March 25 to May 3 for the reference and lockdown period for the 16 major cities of India are shown in Table 3. Figure 2 shows city-specific percent change of key pollutants (with and without normalization to meteorological parameter viz. VC) averaged over complete lockdown period (phase 1 and phase 2: March 25 to May 3, 2020) compared with the reference time-period for the 16 major cities across India. Table 3 shows that the AQI values of key air pollutants get substantially increased after met normalization during the reference period over almost all Indian cities, whereas minimal effect has been observed during the lockdown period. Moreover, percent changes in key pollutants averaged over the complete lockdown period (Figure 2) show higher reduction for met normalized data compared with that of without met normalization. If we take only without met normalized data, on an average, more than 30% decrease has been observed in PM2.5 (−35% averaged over all cities), PM10 (−37% averaged over all cities), and CO (−32% averaged over all cities) over most of the cities in India. The maximum negative change is found in NO2 AQI over all the cities with about −42% averaged over India. From Figure 2 and Table 3, it is obvious that the average difference in values for with and without met normalization of air pollutants is 11 ± 3%. Furthermore, in general, with met normalized values were lower than without met normalized values. In the further discussion, we would be utilizing with met normalized values of AQI of air pollutants.


Table 3. Mean EPA AQI values of various air pollutants (with and without normalization to meteorological parameter) during complete lockdown period (in 2020, as Cov.) and reference period (as Ref.).
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FIGURE 2. City-specific percent change of key pollutants (with and without meteorology normalization) during complete lockdown with respect to the reference time-period.




Effect of Lockdown on Citywise Ambient AQI

In general, all the air pollutants (met normalized) showed a substantial decrease in AQI values during COVID period compared with the reference period for almost all the assessed cities across India. On an average (over all cities), more than 24% decrease has been observed for all the AQI of the pollutant; PM2.5 decreased by 45%, PM10 decreased by 48%, and CO decreased by 41%. The maximum decrease has been found for NO2 AQI over all the cities with an overall decrease of 52% when averaged for all 16 cities. The decrease in PM pollution and gaseous pollutants (CO and NO2) clearly reflects the impact of ceased industrial and vehicular activities during lockdown. SO2 and O3 were also decreased in the lockdown period compared with the reference period, except over a few cities wherein these species showed an increase in their concentration during the lockdown period with respect to the reference period. For example, the SO2 AQI showed a statistically significant increase in Chandigarh (34.4%, from 4.0 ± 2.0 to 5.5 ± 3.2; two-tailed t-value: 3.5), Bengaluru (45%, from 2.4 ± 1.0 to 3.4 ± 1.5; two-tailed t-value: 4.8), and Thiruvanthapuram (15.4%, from 2.1 ± 0.8 to 2.5 ± 1.0; two-tailed t-value: 2.6) in the COVID period compared with the reference period. Mor et al. (2021) has also reported an increase of 2–20% in SO2 concentration during different lockdown phases compared with the pre-lockdown period over Chandigarh. The increased concentration was attributed to atmospheric transport of SO2 emissions from coal-based thermal power plants upwind of the measurement location (Mor et al., 2021).

To investigate further about the increase in SO2 during COVID lockdown in our study over these three cities, we have analyzed the bivariate polar plots for the reference period and COVID period (Figure 3). Polar plots suggest that neither the wind speed nor the wind direction was significantly different at Chandigarh, Bengaluru, and Thiruvanthapuram during the COVID year with respect to the reference period. However, the AQI of SO2 was substantially higher during the lockdown period amid COVID-19 compared with the reference period (Figure 3). Though we could not find anywhere the energy demand estimations for these cities during the lockdown period, we have tried to collect the supporting information for the observed increase in SO2 levels during the lockdown period. In the wake of the COVID-19 pandemic, the Indian government, in collaboration with established textile industries, started domestic manufacturing of personal protective equipment (PPE) in India since March 2020 (Lakshmanan and Nayyar, 2020). Thermal energy consumption in textile manufacturing units is about 70–80% in India (Bhaskar et al., 2013). Moreover, these coal-based thermal power sources in textile industries is the major source of SO2 in the atmosphere (Rabbi, 2018; Niinimäki et al., 2020).
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FIGURE 3. Bivariate polar plots of SO2 for (A,B) Chandigarh, (C,D) Bengaluru, and (E,F) Thiruvanthapuram during reference and lockdown period due to COVID, respectively. The color bars show SO2 AQI values for respective plots.


Since all other industries were shut down during the lockdown period, we therefore are attributing the textile industries, involved in PPE kit manufacturing, as the major energy consumption units in a particular city during the lockdown period. The major hubs identified for PPE kit manufacturing were Ludhiana, Bengaluru, and Ernakulum, among others (Kitex Garments ltd., 2020; The News Minute., 2020; The Tribune., 2021). Thus, it is logical to state here that there would have been higher energy consumption in Ludhiana, Bengaluru, and Ernakulum. The three cities in which we observed increased SO2 levels during lockdown were Chandigarh, Bengaluru, and Thiruvananthapuram. Ludhiana and Ernakulum are situated in the north-west direction of Chandigarh and Thiruvananthapuram, respectively. Thus, prevailed north-westerly winds would have favored the transport of SO2 to Chandigarh from power plants feeding the energy to textile industries in Ludhiana (Figure 3). Likewise, prevailed north-westerly winds would have favored the transport of SO2 to Thiruvananthapuram city from power plants feeding the energy to textile industries in Ernakulum. However, Bengaluru itself was one of the major hubs for the manufacturing of PPE kits in south India (The News Minute., 2020). This would have led to higher energy consumption in the city, which would have led to higher emissions of SO2 from nearby power plants, the effect of which was observed in our results.

We have also witnessed a significant increase in O3 over Kolkata (~18%, from 14.5 ± 4.5 to 17.5 ± 11.6; two-tailed t-value: 2.4) and Visakhapatnam (~20%, from 6.1 ± 2.2 to 7.6 ± 4.2; two-tailed t-value: 2.9) during the lockdown period compared with the reference period. Dumka et al. (2021) has shown about 4–8% increase in O3 concentration over Delhi—NCR, mainly related to NOx chemistry. Pathakoti et al. (2020) has shown a dip of ~17–18% in mean NO2 levels (with maximum reduction over Delhi ~54%) using satellite remote-sensing data over India during the lockdown period. Jain et al. (2021) has also shown a significant reduction (~50%) in short-lived gaseous air pollutants such as NO2 and SO2, whereas minimal reduction (~10%) in CO and O3 compared with that of 2019, which has direct as well as indirect impacts of anthropogenic emissions. Venter et al. (2020) has also shown an increase in satellite-based O3 concentrations over polluted regions of China and India and a decrease in other parts of the world during the lockdown period compared with 2019. These results may be understood as non-linear chemical interactions of volatile organic compounds (VOCs) and oxides of nitrogen (NOx = NO + NO2) in formation/destruction of tropospheric O3 under different environmental conditions (Sillman, 1999). Venter et al. (2020) has suggested that the VOC limited region may experience an increase in O3, whereas the NOx limited region experiences a decrease in O3. Thus, our findings on change in air pollution magnitude are consistent with the previous literature.



Effect of Lockdown on Regionwise (North, West, and South India) Ambient AQI

The aforementioned analysis indicates a significant impact of lockdown amid COVID-19 on improvement in ambient air quality in Indian cities, i.e., huge reduction in levels of air pollutants. These reductions in AQIs were manifestation of both the weak source intensity, atmospheric chemistry, and favorable meteorological condition. Similar findings for selected air pollutants have been reported for different cities of India and from different geographical locations across the globe (Kumar et al., 2020; Mahato et al., 2020; Otmani et al., 2020; Venter et al., 2020; Dumka et al., 2021).

Since most of the cities are showing near similar trends of change in levels of air pollutants, it would be reasonable to group them regionwise and assess the improvement in air quality due to lockdown amid COVID-19 on a regional basis. We have grouped different cities into three broad regions, viz., north, western, and south India. North India was represented by Chandigarh, Jaipur, Delhi, Lucknow, Patna, and Kolkata, whereas western India was represented herein by Nashik, Gandhinagar, Mumbai, Nagpur, and Bhopal in our study. Hyderabad, Bengaluru, Chennai, Visakhapatnam, and Thiruvananthapuram were grouped as south India. Subsequently, we have averaged the data set of respective cities on a regional basis (north, west, and south) to assess the regionwise change in levels of air pollutants during pre-lockdown (Pre-Lock), lockdown (LockP1, LockP2, LockP3, and LockP4), and post-lockdown (Unlock 1) period over India. Figure 4 shows the percent change of different air pollutants during different phases [Pre-Lock, Lockdown (P1, P2, P3, and P4) and Unlock 1] over (a) north, (b) west, and (c) south India. It shows that by-and-large, the concentrations of all pollutants were decreased (except for some species during P4) over different regions of India in the lockdown period compared with the reference period. The reduced levels of air pollutants during pre-lockdown in India may be explained on the basis of worldwide lockdown leading to reduced long-range transport or transboundary impact of air pollutants (Venter et al., 2020) as many European and Asian countries had complete to partial lockdown during January–March 2020.
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FIGURE 4. Percent change of different air pollutants averaged on a regional basis: (A) north, (B) western, and (C) south India during different prelockdown, lockdown (P1–P4), and unlock phases. The spread bars show standard deviation.


The temporal variability in percentage change of different pollutants shows maximum reduction during lockdown phases over all three regions. However, different interphase (lockdown phases P1, P2, P3, and P4) trends were observed across different regions. In general, maximum reductions (for almost all pollutants) were observed in the first three phases of lockdown (P1, P2, and P3) over west and south India. The increase in residential mobility during lockdown compared with that in pre-lockdown is reported, which steadily decreases from P1 to P4 (~31 to 18%) over India (Saha and Chouhan, 2021). North India, having the highest air pollution in normal days among regions assessed herein, shows a quite unique pattern where we see large reductions during P2 and P3, and thereafter buildup of pollution in P4 and a drastic decrease during unlock 1 period. This result can be explained on the basis of large temporal variability in the concentration of the pollutant during a short period of P4, as evident by larger error bars in Figure 4A. Thus, our analysis shows that the first three phases of lockdown were considerably associated with decreased levels of air pollutants and further relax in lockdown starts building up of pollution over all three Indian cities. In other words, it indicates a quick replenishment of air pollution soon after the lift of lockdown. This is likely due to the increase in economic activities and transportation across the country.

Overall, maximum reduction in SO2 was observed over west India (~61%) and in NO2 (~59%) over north India, and minimum reduction in almost all pollutants has been observed over south India during the lockdown period. Higher reductions in certain species during the lockdown period amid COVID-19 could be attributed to the shutdown of its major polluting source. For example, the maximum reduction (49%) of PM2.5 in this study has been observed over north India. Pathakoti et al. (2020) has also observed maximum reduction in aerosol levels over the IGP region with an average reduction of ~24% over India. A similar kind of spatiotemporal variability in aerosol optical depth has been reported over India using satellite measurements (Soni, 2021). Nigam et al. (2021) has also found an increase in air pollution over western industrial cities of India, while restrictions were relaxed in P4 and unlock period.




CONCLUSIONS

In this study, we have made an attempt to assess the effect of lockdown amid COVID-19 on the improvement in ambient air quality in the year 2020 over 16 Indian cities. Thus how, this study covers a wide spatial coverage in ambient air quality assessment from north to south in the Indian subcontinent. In general, all the air pollutants assessed herein exhibit a remarkable decline in their abundance during the lockdown period compared with their concentrations during the previous period in the years 2017–2019 (termed as reference period). Averaging over different regions of India, the air quality showed about 30–50% reduction for PM2.5, PM10, and CO, and a maximum reduction of 40–60% for the NO2 with significant spatial variability. The concentrations of SO2 and O3 exhibited both the decline as well as rise in their abundance pattern during the lockdown period compared with the reference period plausibly highlighting the role of atmospheric chemistry in regulating these reactive chemical species in the urban airshed under ambient atmospheric condition. Furthermore, we have also assessed the effect of ambient meteorology on observed reduction in air pollution using meteorologically normalized AQI values. Around 10% further reduction during lockdown period compared with the reference period was contributed only due to meteorological condition. The spatiotemporal variability of different air pollutants across India emphasizes the existence of different strengths and/or nature of emission sources in north, west, and south India. Maximum fine particulate matter reduction was observed over north India during the lockdown period. The buildup of air pollution was observed in the later phase of lockdown and unlock due to relaxed restrictions on anthropogenic activities (industrial and transport). This study urges that by adopting cleaner fuel technology and avoiding poor combustion activities (e.g., crude open biomass burning) in the urban agglomerations and rural areas within India, the ambient air pollution could be reduced by around 30–60% compared with business-as-usual levels.
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