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A B S T R A C T   

The enforced lockdown amid COVID-19 pandemic eased anthropogenic activities across India. 
The satellite-derived aerosol optical depth (AOD) and absorption AOD showed a significant 
reduction of ~30% over the Indo-Gangetic Basin (IGB) in north India during the lockdown period 
in 2020 with respect to the previous year 2019, when no such lockdown was in effect. Further, 
near-surface air pollutants were investigated at an urban megacity Delhi during 01 March to 31 
May 2020. Except O3, a drastic reduction in PM10, PM2.5, NO, NO2 and CO concentrations were 
observed by ~58%, 47%, 76%, 68% and 58%, respectively during the lockdown period of 2020 as 
compared to 2019. While, O3 was low in the initial phase and gradually increased with pro
gression of lockdown phases, the mean O3 during the entire lockdown period was nearly similar 
in both the years. Though, all the measured pollutants showed significant reduction during the 
entire lockdown, a phase-wise enhancement, associated with the conditional relaxations was 
observed in their concentrations. Thus, the present results may help, not only to assess the impact 
of outbreak on air quality, but also in designing the mitigation policies in urban megacities in 
more efficient ways to combat the air pollution problems.   

1. Introduction 

The Indian subcontinent is the home to about 18% inhabitants of the global population and greatly vulnerable to air pollution, 
especially the Indo-Gangetic Basin (IGB). IGB has been identified as one of the global pollution hotspots of particulate matter of 
diameter smaller than 2.5 μm (PM2.5) (Upadhyaya et al., 2018; Ojha et al., 2020). In addition to particulate matters, nitrogen dioxide 
(NO2) and sulphur dioxide (SO2) are among the most watched gaseous ambient air pollutants, which found to regularly exceed to their 
national ambient air quality standards (Wu, 2012). Air pollution shown to have harmful effects on human health associated with 
respiratory and cardiovascular diseases and mortality (Cohen et al., 2017; Chowdhury et al., 2018). 

Delhi, the capital city of India, is an urban megacity situated in the northwest IGB region. The city has been listed as one of the top- 

* Corresponding author. 
E-mail address: atul@tropmet.res.in (A.K. Srivastava).  

Contents lists available at ScienceDirect 

Urban Climate 

journal homepage: www.elsevier.com/locate/uclim 

https://doi.org/10.1016/j.uclim.2021.100791 
Received 23 September 2020; Received in revised form 22 December 2020; Accepted 29 January 2021   

mailto:atul@tropmet.res.in
www.sciencedirect.com/science/journal/22120955
https://www.elsevier.com/locate/uclim
https://doi.org/10.1016/j.uclim.2021.100791
https://doi.org/10.1016/j.uclim.2021.100791
http://crossmark.crossref.org/dialog/?doi=10.1016/j.uclim.2021.100791&domain=pdf
https://doi.org/10.1016/j.uclim.2021.100791


Urban Climate 36 (2021) 100791

2

most polluted cities in the world (WHO, 2016; Khanna and Sharma, 2020). The major anthropogenic activities in Delhi include 
vehicular exhaust, industrial emissions, residential pollution, and solid waste/biomass burning, which results in severe-to-worst air 
quality in the post-monsoon and early winter seasons (Sahu et al., 2015; Kishore et al., 2019; Bikkina et al., 2019; Kanawade et al., 
2020; Kulkarni et al., 2020; Tobler et al., 2020). The PM2.5 concentrations in Delhi were generally found to exceed many folds to its 
national ambient air quality standards (NAAQS), given by the central pollution control board (CPCB) in the year 2009 (https://cpcb. 
nic.in/uploads/National_Ambient_Air_Quality_Standards.pdf). Air quality of Delhi and its surrounding regions, known as National 
Capital Region (NCR) was recognised more than a decade ago and several preventive measures have been considered time-to-time to 
curb the pollution (Khanna and Sharma, 2020). These measures are shutting down of hazardous industries, banned the use of diesel 
vehicles (older than 10 years) within the city, use of low sulphur content of the petrol and diesel fuels, implementation of compressed 
natural gas (CNG) vehicles, use of cleaner fuel for domestic purposes (e.g. liquefied petroleum gas (LPG)/ piped natural gas (PNG)) and 
very recently traffic intervention odd-even policy (Goyal and Sidhartha, 2003; Narain and Krupnick, 2007; Saxena et al., 2012; CPCB, 
2016; Chowdhury et al., 2017; Khanna and Sharma, 2020). Despite all the above efforts, the concentration of PM2.5 and other pol
lutants remain at their alarming levels in Delhi and its surrounding regions, which led to major health concerns in the recent times 
(Maji et al., 2015; Chowdhury and Dey, 2016). Recently, a National Clean Air Programme (NCAP) was launched aiming to reduce the 
air pollutants, mainly PM2.5 concentrations up to ~20–30% by 2024 in the non-attainment cities identified as the most polluted cities 
in India and currently the pollution levels in these cities are significantly higher than the prescribed national standards (NCAP, 2019). 

The recent coronavirus pandemic (COVID-19), a highly contagious disease identified firstly in Wuhan city of China in the late 
December 2019, was declared a global pandemic by the World Health Organization later in March 2020 (WHO, 2020). Most countries 
including India have announced lockdown as precautionary measure to protect public against the spread of COVID-19. As an im
mediate impact of the lockdown, one change that has been observed globally is the significant improvement in air quality, which has 
been reported recently in many countries across the world like China, Brazil, Malaysia, Kazakhstan, Iran, Ecuador, USA etc. (Abdullah 
et al., 2020; Berman and Ebisu, 2020; Broomandi et al., 2020; Dantas et al., 2020; Filonchyk et al., 2020; Kerimray et al., 2020; 
Zalakeviciute et al., 2020). In addition, the European Environment Agency has also found a significant drop in air pollution level across 
the European cities, like Bergamo (Italy) and Barcelona (Spain), which showed a decline of ~ 47% and 55% in NO2 during 16–22 
March 2020 compared to the same period in 2019 (European Environmental Agency, 2020). The Government of India declared a first 
nation-wide stringent lockdown of 21 days from 24 March to 14 April 2020 after a 14 h of voluntary public curfew on 22 March (The 
Hindu, 2020), hereafter referto as Phase-1. During the lockdown, almost all the social and community mobility activities, like in
dustrial and mass transportation have been banned with immediate effect, except some essential services, which drastically reduced 
the emissions across the country (Jain and Sharma, 2020; Sharma et al., 2020). Table 1 summarizes different lockdown phases along 
with the period and the implementation criterion, which shows stringent to conditional lockdown phases imposed as a preventive 
measure against the COVID-19 pandemic in India. Here, we examine the magnitude and variability of various near-surface air pol
lutants at an urban megacity Delhi during the lockdown amid COVID-19. The aim of our paper is two-fold: (i) to study the phase-to- 
phase changes in air pollution levels in terms of the impacts of COVID-19, and (ii) comparison of air pollution scenario during the same 
period of COVID and COVID-free years (i.e. 2020 and 2019) over the same experimental site. 

2. Measurement site and experimental details 

The measurement site, Delhi (28.35◦N, 77.12◦E, ~215 m amsl), the capital city of India, situated over the northwest part of the IGB 
in northern India is surrounded by various anthropogenic emission sources (CPCB, 2012). In addition to local pollution sources, Delhi 
receives long-range transported aerosol pollution from distant sources. During the summer, Delhi receives natural dust aerosols from 
adjacent (e.g., Thar) and/or far-distance (Middle East) Desert regions (Pandithurai et al., 2008; Srivastava et al., 2014). During the 
post-monsoon season, Delhi experiences worst air quality due to intense biomass burning in upwind states, Punjab and Haryana, and 
conducive meteorological conditions for accumulation of pollutants near the surface (Kaskaoutis et al., 2014; Shaik et al., 2019; 
Kanawade et al., 2020; Kulkarni et al., 2020). 

Data pertaining to air pollutants was obtained from the Delhi Pollution Control Committee (DPCC) at the residential site, Ashok 

Table 1 
Different lockdown phases along with the period and implementation criterion imposed in India as a preventive measure against the COVID-19 
pandemic.  

Lockdown 
phases 

Period (2020) Implementation Criterion 

Phase-1 24 March-14 
April 

Nearly all the social and community mobility activities, like industrial and mass transportation were suspended with 
immediate effect, except some of the essential services. 

Phase-2 15 April-3 May Conditional relaxation after 20 April for the regions where the spread of COVID-19 had been contained or slowed down. 
Phase-3 4 May-17 May Conditional relaxation continued and the country has been split into three different zones as Red zone (high COVID-19 cases 

and a high doubling rate); Orange zone (comparatively fewer COVID-19 cases than Red zone) and Green zone (without any 
COVID-19 cases in the past 21 days). Normal movement is permitted in the Green zone with buses limited to 50% capacity 
whereas in Orange zone only private and hired vehicles were allowed but no public transportation. 

Phase-4 18 May-31 
May 

Additional relaxations, with a larger demarcation of Green, Orange and Red zones and the implementation of roadmap. Red 
zones were further divided into the “containment” and “buffer” zones and the local bodies were given the authority for this 
demarcation.  
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Vihar in Delhi. A population density map of Delhi is shown recently by Kishore et al. (2019) using 2011 Census data. As per the map, 
the present measurement site is situated in a densely populated locality in the North-West direction of Delhi, which is well connected 
through roads and public transport. Thus, the main pollution sources over the site could be the emissions from various residential and 
vehicular activities. Near-surface various air pollutants such as particulate matters, i.e. PM10 and PM2.5 and gaseous pollutants, i.e. 
SO2, NO2, carbon monoxide (CO) and ozone (O3) were obtained over the station from 01 March to 31 May during 2019 and 2020. 
Particulate matter measurements were based on gravimetric method using a respirable dust sampler; APM-460 BL (Envirotech) for 
PM10 and APM-550 (Envirotech) for PM2.5. The PM10 sampling was done with a glass fiber filter paper of sizes 8 × 10 in. at a flow rate 
of 1.2 m3 min− 1 whereas PM2.5 was done on a 47 mm poly tetra fluoro ethylene (PTFE, Whatman) filter paper, with a typical flow rate 
of 1 m3 h− 1. Further, SO2, NO2 and NO concentrations were measured using the modified West-Geake UV-Fluorescence and modified 
Jacob and Hochheiser methods, respectively. O3 was measured using chemiluminescence method. More details of the measurements of 
these air pollutants along with their detection range and uncertainties are discussed by Kishore et al. (2019). 

Moderate Resolution Imaging Spectroradiometer (MODIS) on-board NASA’s AQUA satellite measures reflectance from earth 
surface in 36 discreet spectral bands, ranging from 0.41 to 14.4 μm and it crosses the equator at 13:30 local time. The level-3 Dark 
Target and Deep Blue combined Aerosol Optical Depth (AOD) data at a grid resolution of 1◦ × 1◦ (Hsu et al., 2013; Levy et al., 2013; 
Remer et al., 2005; Sayer et al., 2014) from collection 6.1 is used in this study. The data is downloaded from https://ladsweb.modaps. 
eosdis.nasa.gov/. Ozone Monitoring Instrument (OMI) onboard AURA satellite provides high resolution data sets with daily global 

Fig. 1. (a) Averaged near-surface air temperature (color), relative humidity in fraction (contour) and wind vectors (arrows) during the pre-monsoon 
(March through May) of 2019. (b) same as (a) but for 2020. (c) Averaged rainfall (color) and planetary boundary layer height (contour, in hPa) 
during the pre-monsoon (March through May) of 2019. (d) same as (c) but for 2020. 
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coverage (Levelt et al., 2006). The instrument measures reflectance in wavelength range 264-504 nm. The Absorption Aerosol Optical 
Depth (AAOD) used in this study is retrieved using OMAERUV algorithm, which is explained in Torres et al. (2018). The level-3 AAOD 
at 1◦ × 1◦ grid resolution is available from the NASA Goddard Earth Sciences, Data and Information Services Center (GES DISC; http:// 
disc.sci.gsfc.nasa.gov). 

Further, Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) derived aerosol product was examined over 
Delhi and its surroundings. CALIPSO is a first kind of satellite having vertically down looking lidar known as CALIOP (Cloud Aerosol 
Lidar with Orthogonal Polarization), which provides vertical structure of the atmosphere globally at two different channels (Winker 
et al., 2013). It measures elastic laser backscatter at 1064 nm and the parallel and cross polarized components of the 532 nm return 
signal, from which the depolarization ratio can be derived (Hu et al., 2007). Apart from various aerosol products such as total 
backscatter coefficient, extinction coefficient, depolarization ratio etc, CALIOP measurements have been widely used to study the 
specific aerosol types, which includes clean marine, dust, polluted continental, clean continental, polluted dust and smoke (Mielonen 
et al., 2009). 

To demonstrate the potential sources aerosols and to mark the pathways of air mass at different characteristic height levels, 
backward trajectories obtained from the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model were also studied 
over the station. The air mass backward trajectories were computed for 7-day at 12:30 IST using GDAS (Global Data Assimilation 
System) 10 datasets from the HYSPLIT model (Stein et al., 2015) at three different altitude levels, i.e. 500, 1000 and 1500 m above 
ground level for every hour to show the evolution of these trajectories with time. 

3. Results and discussion 

3.1. Synoptic meteorological conditions over India 

Fig. 1 shows synoptic meteorological conditions (i.e. averaged near-surface air temperature, relative humidity (RH), wind vectors, 
planetary boundary layer height (PBLH) and rainfall) over India during 24 March – 31 May for 2019 and 2020. The meteorological 
conditions were significantly different between the two years. The near-surface air temperature was found to be lower by about few 
degrees over continent during 2020 as compared to the year 2019. The role of absorbing aerosols in altering the atmospheric tem
perature, stability and large scale circulation over the Indian region has been discussed extensively in the literature, especially over the 
IGB (Menon et al., 2002; Moorthy et al., 2013; Nair et al., 2017; Srivastava et al., 2020). The reduction in anthropogenic absorbing 
aerosols associated with the enforced lockdown due to COVID-19 pandemic can cause reduction in the atmospheric warming due to 
such aerosols. The moisture content in the air, represented by RH in fraction was slightly higher during the year 2020 as compared to 
2019. The wind circulation pattern was relatively similar between 2019 and 2020, except for a tropical cyclone (Amphan) that 
occurred over the Bay of Bengal in May 2020. Understanding the potential role of various surface meteorological parameters, discussed 
above on redistribution of air pollutants is crucial as atmosphere is the medium in which meteorological-influenced air pollutants are 
transported away from the source regions (Tiwari et al., 2014). In general, high temperature (indicative of deeper boundary layer) and 
wind speed along with the low RH favours more dispersion of air pollutants into the atmosphere compared to the relatively calm 
atmospheric conditions (Sharma et al., 2020). In a recent study during the lockdown, Jain and Sharma et al. (2020) have observed 
relatively lower surface temperature (ranging from 22 to 27 ◦C) and wind speed (less than 0.5 m s− 1) along with the higher RH (ranging 
from 58 to 78%) at Delhi during 1–2 weeks before the lockdown, which was not found to be the favourable atmospheric conditions for 
air pollutants to disperse and hence the levels of all the pollutants were high. The average PBLH during the lockdown was found to be 
lower than that of the previous year, which highlights the unfavourable condition for the dispersal of the pollutants. On the other hand, 

Fig. 2. The percentage difference in (a) MODIS AOD and (b) OMI Absorption AOD at 550 nm during the lockdown period (24 March – 31 May 
2020) with respect to the previous year. 
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immediately after the lockdown, a slight increase in air temperature (ranging from 27 to 32 ◦C) and wind speed (ranging from 0.7–1.2 
m s− 1) along with the lower RH in the range of 50–64% was observed over the station, which were found to be relatively favourable 
atmospheric conditions for increasing the dispersion of air pollutants compared to before lockdown period. The mean rainfall over the 
Indian region is slightly higher during the lockdown period as compared to 2019 due to the influence of Amphan cyclone over the Bay 
of Bengal, which again helps in the removal of pollutants. Thus, along with the lockdown, the surface meteorological parameters also 

Fig. 3. Time-series of (a) PM10, (b) PM2.5, (c) NO, (d) NO2, (e) CO and (f) O3 in Delhi from 1 March to 31 May. Black filled squares indicate year 
2019 whereas red open circle indicates year 2020. Day 1 to 92 indicates the period from 1 March to 31 May. The vertical bars separate pre-lockdown 
(1–21 March) from the different lockdown phases during the entire lockdown period from 24 March − 31 May. 22 March was Janata curfew (one 
day lockdown). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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play crucial role in altering the air pollution levels of any region. 

3.2. Regional aerosol characteristics from satellite measurements 

We first examined the percentage change in aerosol loading over India during the entire lockdown time period (i.e. 24 March - 31 
May 2020) with respect to the previous year when there was no lockdown enforced. Fig. 2(a–b) shows % difference in the MODIS 
retrieved AOD and OMI retrieved AAOD, respectively at 550 nm. The aerosol loading was found to reduce significantly in all over 
India, with elevated percentage change of ~30% across the IGB (Fig. 2a). In a recent study, Ranjan et al. (2020) also reported a 
significant reduction in AOD level (up to ~ 45%) across the Indian Territory during the lockdown period as compared to the long-term 
(2000–2019) mean AOD, with a noteworthy negative AOD anomaly of ~ 37% over the NCR region and a positive anomaly (upto 70%) 
over the coal mine locations. Further, the analogues reduction in the AAOD (Fig. 2b) indicates eased anthropogenic activities across the 
country when lockdown was enforced. In addition to the land, a significant reduction in AOD and AAOD was also observed over the 
oceanic region, mainly over the Bay of Bengal (BoB). Result could be associated with the reduction in the emission sources across the 
IGB due to the current pandemic situation. It is to be noted here that the enhanced aerosol loading over the IGB is usually the main 
cause of increase loading over the BoB through IGB-outflow (Srinivas et al., 2011; Tiwari et al., 2016; Singh et al., 2020). Furthermore, 
the IGB is situated in the vicinity of the Desert regions, and thus largely impacted by the frequent occurrence of dust aerosols during 
March-June (Pandithurai et al., 2008; Srivastava et al., 2014; Dumka et al., 2019) even though negative change in aerosol loading 
indicate that anthropogenic aerosol emission override the natural local or transported aerosols. The Sentinel - 5 P satellite observations 
also illustrated the improved air quality of Indian subcontinent during COVID-19 lockdown time period (Shehzad et al., 2020). Several 
other studies illustrated changes in near-surface air pollutants across the country, particularly in large urban areas (Singh and 
Chauhan, 2020; Sharma et al., 2020; Kumar, 2020; Gautam, 2020). All these studies show reduction in various air pollutants, par
ticulate matter and gaseous, from about 40–60% over urban areas. Although, the different lockdown phases were enforced with 
stringent to conditional relaxation, this resulted in striking changes in pollution loading during the lockdown period. To understand 
this, the phase-wise changes in AOD over the Indian region, including the highly polluted IGB was studied during the lockdown period 
of 2020 as compared to the same periods of the previous year, i.e 2019 and shown in Fig. S1 (a–d) of the supplementary material. 
Though the overall decrease in the aerosol loading due to the lockdown restrictions was observed during the entire lockdown in 2020 
(as seen in Fig. 2), a phase-wise increase was observed, especially across the IGB. The Phase-1 shows a drastic decrease over the IGB 
and coastal Bay of Bengal. The increment over the central Indian region can be attributed to the dust storms from the western desert 
regions, which is a characteristic of the pre-monsoon season (Sikka, 1997). Throughout the four phases of the lockdown the regions 
surrounding Delhi had a lesser loading as compared to the previous year. We discuss in detail as a case study for Delhi site using various 
near-surface air pollutants during the lockdown period in 2020 and compare air pollution loading to that with previous year. 

3.3. Near-surface air pollutant characteristics from ground-based measurements 

Fig. 3 (a–f) show time series of daily mean particulate matter and gaseous pollutants at Delhi during the study period from 01 March 
to 31 May for the year 2019 and 2020 where the period from 01 to 21 March is considered as the pre-lockdown and 24 March to 31 May 
is the lockdown time period. Significant day-to-day variability can be seen in both PM10 and PM2.5 mass concentrations during the 
entire measurement period in both the years. Though, nearly similar PM10 and PM2.5 concentrations were observed during the pre- 
lockdown period of 2019 and 2020, they started a decline immediately after imposing the lockdown from 24 March in the year 
2020 and has 4–5 folds lower values as compared to 2019. Daily mean mass concentration of PM10 varied from 58.3 to 494.5 μgm− 3, 
with a mean value of 213 ± 81 μgm− 3 in 2019 over the entire time period. A significant reduction in PM10 of ~50% was observed 
during 2020, when the concentration was found to vary from 28.8 to 215.9 μgm− 3, with a mean of 108 ± 44 μgm− 3 in 2020. Further, 

Fig. 4. CALIPSO derived aerosol subtype on 13 April 2020 over Delhi and its surroundings.  
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PM2.5 over the station varied between 22.7 and 179.3 μg m− 3, with a mean of 93 ± 30 μg m− 3 in 2019 whereas it varied between 24.3 
and 121 μg m− 3, with a mean of 57 ± 24 μg m− 3 in 2020. Both PM10 and PM2.5 was found to be substantially higher than the respective 
24-h NAAQS levels (PM10: 100 μg m− 3 and PM2.5: 60 μg m− 3) for about 98% and 87% of the days of total observation days in 2019 
whereas they were found to exceed by about 52% and 44% of the days, respectively in 2020. On the other hand, as per the world health 
organization (WHO) 24-h standards (PM10: 50 μg m− 3 and PM2.5: 25 μg m− 3), none of the days were observed under the set limits of 
PM10 and PM2.5 in 2019 whereas in 2020, it was found to exceed by about 92% and 94% of the days of total observation days, 
respectively. A momentarily enhancement in both PM10 and PM2.5 concentrations was observed during 13–16 April 2020, which could 
be associated with the dust storm activity. To confirm this, PM2.5/PM10 ratio was analyzed during the period and observed a mean 
value of about 0.4, which suggests relative dominance of coarse mode dust aerosol particles over the station. 

Though, almost all the anthropogenic activities (vehicular exhaust, small-scale industries etc.) were stopped during the lockdown 
period, we do not have any control on the natural activities, like dust storms, which was observed over the station during 13–16 April 
2020. To substantiate this, CALIPSO derived aerosol product was examined over Delhi and its surroundings. Fig. 4 shows CALIPSO 
retrieved aerosol subtypes, which clearly indicates the enhanced dust and polluted dust aerosols over the station on 13 April 2020. 
These dust aerosols were found to be extended up to the height of about 5 km. Further, to demonstrate the sources of dust storm and to 
mark its probable pathways at three different altitude levels, i.e. 500, 1000 and 1500 m above ground level, backward air mass 
trajectories, obtained from the HYSPLIT model were analyzed over the station on dust days, i.e. 13 April 2020 (Fig. 5a). Also, to 
delineate the influence of natural sources (dust storm) on PM levels during the lockdown period, backward trajectories were also 
analyzed for a nearby pristine day, i.e. on 28 March 2020 (Fig. 5b) when the values of PM2.5 and PM10 were lowest about 24 and 34 μg 
m− 3, respectively. During the dusty day, air masses are coming from the Middle East and Gulf regions (the main sources for natural dust 
aerosols) at all the heights, with longer transport path at all the higher height. On the other hand during the pristine day, air masses are 
mostly localized and also from the Arabian Sea and have relatively lower path at all the altitude levels. Results are well associated with 
the observed increase in PM levels during the dusty day and the lowest PM levels during the pristine day during the lockdown, which 
confirms the significant impact of natural dust activity even though the various anthropogenic activities are completely ceased due to 
the lockdown. 

Further, a drastic reduction in the mass concentrations of NO, NO2 and CO was also observed over the station during the lockdown 
period of 2020 as compared to 2019 (Fig. 3), which is relatively more pronounced for NO. As lockdown phases progressed, the 
noticeable increase in all the air pollutants were observed during the end of the measurement period, which is largely associated with 
providing some relaxation in different lockdown phases and this will be discussed in detail in the next section. Among all the gaseous 
pollutants, the near-surface O3 concentrations, which are harmful for the human health, are also found to have an immediate decline 

Fig. 5. 7-day air mass backward trajectories at Delhi during (a) dusty day and (b) pristine day at three different altitude levels.  
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just after the lockdown. Thereafter, it starts increasing gradually during the lockdown period, which could probably due to (i) observed 
decrease in the level of nitrogen oxides (Dantas et al., 2020) and (ii) availability of abundant solar radiation reaching to the ground 
during the lockdown periods which helps in photochemical reactions to produce more ozone (Devara et al., 2020). A slight decrease in 
O3 was observed at the end of the measurement period, which is in-line with the observed slight enhancement in NO and NO2. Result 
shows an opposite behaviour of O3 as compared to the variability in NO and NO2. The near-surface NO, NO2 and O3 are particularly 
critical hazardous gaseous pollutants, which are capable of causing adverse effects on human health (CPCB, 2012; Tiwari et al., 2015). 

Further, to understand the impact of lockdown on the above mentioned air pollutants, an average of each pollutant has been done 
during the entire lockdown period from 24 March to 31 May 2020 and compared with the respective mean value for the same period 
during 2019 (Fig. 6). It is to be noted here that the air pollution data during the dust period, i.e. from 13 to 16 April 2020 as discussed 
above were excluded from this and the further analysis to avoid any misconception. The mass concentration of each pollutant, except 
O3, was found to be significantly reduced over the station during the lockdown period of 2020 as compared to the normal year 2019, 
which is more pronounced for NO (~76%), followed by NO2 (~68%), CO (~58%), PM10 (~58%) and PM2.5 (~47%). Though, there 
was a significant difference in the day-to-day values of O3, the overall mean was found to be nearly same during 2019 and 2020. As the 
restrictive measures reduced the emissions of PM2.5 and PM10 by various transport activities and by fuel combustion in institutional 
and commercial buildings, but these reductions may counter-balanced by the enhanced PM emissions from the various in-house 
residential activities (Sicard et al., 2020). 

Further, to understand the affinity between the footprint of human activities and air pollution, it is important to investigate the 
diurnal variability of air pollutants, particularly those of short-lived. To understand this, we analyzed the measured pollutants at Delhi 
on hourly basis during the lockdown period from 24 March to 31 May 2020 and compared it with the same period of 2019 (Fig. 7a–f). 
Significant diurnality with a morning and late-night peak was observed in each pollutant, except O3 during both the years, which is 
more pronounced in 2019 compared to 2020. However, lowest values were observed in the afternoon hours. Results are largely 
associated with the combined effects of variations in the emission sources, surface meteorology and boundary layer dynamics. In 
contrary to 2019, all the pollutants, except NO2 and O3 were found to be relatively lower in 2020, which was associated with the 
reduced emissions in various sectors due to lockdown as discussed above. NO2 was found to be relatively higher during the time 
between 07:00 and 20:00 h local time (LT) in 2020 as compared to 2019 whereas an opposite feature was observed during the early 
morning and late night hours. On the other hand, O3 was found to be relatively higher during the time between 08:00 and 17:00 h LT in 
2019 as compared to 2020 whereas an opposite feature was observed during the early morning and evening to late night hours. The 
observed pronounced morning peak between 07:00 and 08:00 h LT could be associated with the fumigation effect, which brings 
pollutants from the nocturnal residual layer shortly after the sunrise (Stull, 1999) in addition to the morning build-up of local 
anthropogenic activities associated with the morning traffic activities. As the day advances, increased solar intensity leads to an 
enhanced turbulent effect and a deeper boundary layer, leading to large dispersion of air pollutants and hence the dilution of con
centration occurs near to the surface from the noon to afternoon time. The observed secondary peak in the measured air pollutants at 
the late night between 20:00 and 23:00 h LT could partly be attributed to the evening traffic rush mainly heavy diesel vehicles along 
with the shallow nocturnal boundary layer conditions and lower wind speed during night (Stull, 1999). 

3.4. Impact of different lockdown phases on air pollutants 

As the lockdown was imposed in a phased manner by giving little relaxation in some of the localities in cities where no COVID-19 
cases were identified, a phase-wise air pollution data was analyzed for the year 2020 to understand the impacts of lockdown during 

Fig. 6. Mean mass concentrations of air pollutants during the entire lockdown period from 24 March to 31 May during 2020 (green bar) and 
compared with the respective mean for the same period during 2019 (red bar). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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different phases on air quality over the station. The diurnal variability of different air pollutants during different phases of lockdown 
from 24 March to 31 May 2020, including pre-lockdown period from 01 to 21 March 2020 is shown in Fig. 8(a–f). Large diurnality was 
observed in each pollutant during all the lockdown phases including pre-lockdown. Except O3, a significant morning and late-night 
peaks are observed in all the air pollutants, which are relatively more pronounced during the pre-lockdown period compared to 
different lockdown phases. However, lowest values are observed in the afternoon hours. The pronounced morning peak was observed 
between 07:00 and 08:00 h LT during the pre-lockdown period whereas the secondary peak was observed at the late night between 
20:00 and 23:00 h LT. It is to be noted here that the entry of heavy commercial diesel vehicles and trucks are allowed inside Delhi city 
by 11:00 pm (Bano et al., 2011; Srivastava et al., 2012). Interestingly, the diurnal concetrations of each pollutant are relatively lower in 
Phase-1, which could be associated with the complete shutdown imposed across the country where most of the sources responsible for 
poor air quality were stopped. However, the diurnal concentrations are found to increase gradually with the progression of phases 
having some relaxations in each phase. In contrast, a systematic and consistent diurnal variability was observed in O3 in all the 
lockdown phases including pre-lockdown, with a noon time peak and an early morning and night-time low, which are more pro
nounced in Phases-4 and less in Phase-1. The formation of surface O3 is largely associated with the photochemical reactions of its 
precursor gases, like NO, NO2 and volatile organic compounds (VOCs) in the presence of sunlight (Seinfeld and Pandis, 1998; David 
and Nair, 2011).In the present study, a negative correlation was observed in O3 with NO and NO2, which is consistent in all the 
lockdown phases. 

An average of each pollutant has been calculated for each phase (Fig. 9a). Interestingly, a gradual phase-wise enhancement in 
concentration of each pollutant was observed. All the pollutants were found to have well within their respective 24-h NAAQS values 
(shown by red dashed line). However, pollutants, mainly PM10 and PM2.5 are found to be approaching and crossing to their respective 
24-h NAAQS levels with the progression of phases. Despite the observed reduction in the concentrations of both PM10 and PM2.5 
compared to the respective Indian standards, they are found to be significantly higher in all the lockdown phases than the respective 
WHO standards. It is to be noted here that the meteorology of the region can help in controlling pollution by efficient removal, e.g. wet 
scavenging or can cause severe air pollution by less efficient dispersion, e.g. accumulation due to stable weather conditions (Kanawade 
et al., 2020). Although, the more stable atmospheric conditions during March-May 2020 as compared to 2019 as shown in Fig. 1, 
should lead to enhanced pollutions in the atmosphere, the observed reduced pollution loading over the station clearly indicates the 
reduced emissions during different phases (from stringent to conditionally relax) of lockdown amid COVID-19 pandemic. Further, the 

Fig. 7. A comparative diurnal variation of (a) PM10, (b) PM2.5, (c) NO, (d) NO2, (e) CO and (f) O3 during the lockdown period of 2019 and 2020.  
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percentage change in each pollutant during the different lockdown phases were calculated with respect to the pre-lockdown period, i.e. 
from 01 to 21 March 2020 and shown in Fig. 9b. As expected, all the pollutants were found to have significant reductions in Phase-1 of 
lockdown as compared to the other phases, which was more pronounced for NO (~83%) and NO2 (~66%). However, a gradual phase- 
wise increase was observed in all the pollutants, which was more pronounced for O3. Results could largely be associated with the 
gradual increase in the relaxation in various activities, like increase in the vehicular transport, few train and flight movements etc. 

Both PM10 and PM2.5 was found to reduce by ~ 45%, 40%, 35% and 16% and 46%, 47%, 35% and 32% during the Phase-1, Phase- 
2, Phase-3 and Phase-4, respectively as compared to the pre-lockdown period. However, among all the air pollutants, a steep 
enhancement was observed for O3 from about − 4% in Phase-1 to ~45%, 97% and 88% in Phase-2, Phase-3 and Phase-4, respectively. 
On the other hand, NO have relatively large reduction in all the lockdown phases as compared to the pre-lockdown period, i.e. ~83%, 
83%, 82% and 73%, respectively during Phase-1, Phase-2, Phase-3 and Phase-4. 

4. Conclusions 

In this study, we examine the magnitude and variability in near-surface air pollutants during different phases (from stringent to 
conditionally relax) of lockdown amid COVID-19 pandemic during the period from 24 March to 31 May 2020. The percent change in 
various pollutants was compared to the previous year and also among different lockdown phases. The major findings from this study 
include:  

• MODIS columnar AOD and OMI absorption AOD were reduced by ~30% as a result of enforced nation-wide lockdown when almost 
all anthropogenic activities were ceased.  

• PM10, PM2.5, NO, NO2 and CO were lower by ~58%, 47%, 76%, 68% and 58%, respectively, in Delhi during the lockdown period of 
2020 as compared to 2019.  

• O3 was gradually increased with progression of lockdown phases, which is in-line with the observed decrease in NO and NO2 and 
hence higher solar radiation reaching the ground. 

Fig. 8. A mean diurnal variation of (a) PM10, (b) PM2.5, (c) NO, (d) NO2, (e) CO and (f) O3 during the pre-lockdown period and in different 
lockdown phases. 
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• Strong diurnality along with an enhancement in the concentrations of each pollutant was observed with the progression of lock
down phases.  

• A significant reduction in PM2.5 by ~ 46%, 47%, 35% and 32%, with a steep enhancement in O3 by about − 4%, 45%, 97% and 
88%, respectively was observed during Phase-1, Phase-2, Phase-3 and Phase-4 as compared to the pre-lockdown period. 
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