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सार — यह पेपर चरण 1 (25 माचर से 14 अ�ैल), चरण 2 (15 अ�ैल से 3 मई) और चरण 3 (3 मई से 17 मई) 
के दौरान �कए गए सतह और उप�ह माप के तुलनातमक प�रणाम �सतुत करता है, जो �क 2020 क� लॉकडाउन अविध 
को लाग ूकरता है और उन भारत म� 2019 के दौरान समान स्ानन और अविधयन का। ये तुलनातमक �व�ेषण भारतीय 
राजयन और �टयर 1 मेगािसट� के िलए �कए गए ह� जहां देशवयापी तालाबंद� से आि्रक गित�विधयां बुर� तरह �भा�वत 
हुई ह�। सल्र डाइऑकसाइड (SO2), काबरन मोनोऑकसाइड (CO), PM2.5 और PM10, ओजोन (O3), नाइ�ोजन 
डाइऑकसाइड (NO2) क� सतह सां�ता म� प�रवतरन पर धयान क� ��त �कया गया है और TROPOMI से पुन�ार् सतंभ 
NO2 और एयरोसोल ऑ�पटकल गहराई (AOD) से �ा् �कया गया है। MODIS उप�ह। PM2.5 क� सतह सां�ता म� 
30.59%, 31.64% और 37.06%, PM10 म� 40.64%, 44.95% और 46.58%, SO2 म� 16.73%, 12.13% और 6.71%, सतंभ 
NO2 म� 46.34%, 45.82% क� कमी हुई और 39.58% और CO म� 45.08%, 41.51% और 60.45% �मशः चरण 1, चरण 
2 और चरण 3 क� लॉकडाउन अविध के दौरान भारत म� 2019 क� अविध क� तुलना म�। लॉकडाउन के पहले चरण के 
दौरान, मॉडल िसमयुलेटेड PM2.5 मनाया गया PM2.5 �वयमान सां�ता क� तुलना म� अिधक अनुमान �दखाता है। मॉडल 
PM2.5 को लॉकडाउन से पहले और लॉकडाउन अविध के पहले चरण म� कमी �कए �बना कम करके आंका गया है। 
अधययन अविध के दौरान सतह प�रवहन गितशीलता मानिच�न के सा् PM2.5, PM10, CO और सतंभ NO2 के उतसजरन 
म� कमी पर चचार क� गई है। सतह गितशीलता डेटा म� देखी गई कमी के आधार पर उतसजरन म� कमी, मॉडल ने मनाए 
गए पीएम 2.5 सां�ता को पकड़ने म� उतकक ृ कौशल �दखाया। �्र भी, लॉकडाउन अविध के पहले और तीसरे चरण के 
दौरान AOD 5 से 40% तक कम हो गया। सर्ेस O3 म� लॉकडाउन अविध के पहले और तीसरे चरण के दौरान �मशः 
1.52% और 5.91% क� वक�� हुई, जब�क लॉकडाउन अविध के दसूरे चरण के दौरान -8.29% क� कमी आई। 

 
ABSTRACT. This paper presents the comparative results of surface and satellite measurements made during the 

Phase 1 (25 March to 14 April), Phase 2 (15 April to 3 May) and Phase 3 (3 May to 17 May) of Covid-19 imposed 
lockdown periods of 2020 and those of the same locations and periods during 2019 over India. These comparative 
analyses are performed for Indian states and Tier 1 megacities where economic activities have been severely affected 
with the nationwide lockdown. The focus is on changes in the surface concentration of sulfur dioxide (SO2), carbon 
monoxide (CO), PM2.5 and PM10, Ozone (O3), Nitrogen dioxide (NO2) and retrieved columnar NO2 from TROPOMI and 
Aerosol Optical Depth (AOD) from MODIS satellite. Surface concentrations of PM2.5 were reduced by 30.59%, 31.64% 
and 37.06%, PM10 by 40.64%, 44.95% and 46.58%, SO2 by 16.73%, 12.13% and 6.71%, columnar NO2 by 46.34%, 
45.82% and 39.58% and CO by 45.08%, 41.51% and 60.45% during lockdown periods of Phase 1, Phase 2 and Phase 3 
respectively as compared to those of 2019 periods over India. During 1st phase of lockdown, model simulated PM2.5 
shows overestimations to those of observed PM2.5 mass concentrations. The model underestimates the PM2.5 to those of 
without reduction before lockdown and 1st phase of lockdown periods. The reduction in emissions of PM2.5, PM10, CO 
and columnar NO2 are discussed with the surface transportation mobility maps during the study periods. Reduction in the 
emissions based on the observed reduction in the surface mobility data, the model showed excellent skills in capturing the 
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observed PM2.5 concentrations. Nevertheless, during the 1st & 3rd phases of lockdown periods AOD reduced by 5 to 40%. 
Surface O3 was increased by 1.52% and 5.91% during 1st and 3rd Phases of lockdown periods respectively, while 
decreased by -8.29% during 2nd Phase of lockdown period. 

 

Key words – Covid19, Nationwide lockdown, Air quality, Emissions, WRF-Chem. 
  

 

1.  Introduction 
 

The current and ongoing pandemic caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and the resulting disease termed as CoronaVIrus 
Disease 2019 (COVID-19) has forced nearly all the 
governments around the world for imposing restrictions of 
varying magnitude on human activities to limits the spread 
of new disease and protect their citizens. These 
restrictions have dramatically reduced the direct 
anthropogenic emissions of air pollutants to the 
atmosphere as seen in many ground-based (Ogen, 2020; 
Zhang et al., 2021) and space-borne observations 
(Bauwens et al., 2020). However, the secondary pollutants 
such as ground level ozone and secondary organic 
aerosols have either remained like previous year levels 
(Dantas et al., 2020; Sharma et al., 2020) or increased by 
a factor of 2 (Shi and Brasseur, 2020). Past studies have 
highlighted the impact of exposure to near-surface PM2.5 
and O3 concentrations(Jain et al., 2007; Kumar, 2004; 
Pattnaik, 2019; Peshin et al., 2017; Singh and Kant, 2006) 
on premature mortalities associated in India (Ghude et al., 
2016). However under the health emergency nationwide 
lockdown in India, surface and aviation transport services, 
educational institutions, industrial establishments and 
hospitality services were suspended for the smooth 
operations of essential services. As a result, significant air 
quality improvement has been observed in major 
megacities across the India (CPCB, 2020; Dhaka et al., 
2020). The improved air quality due to reduction in 
anthropogenic emissions, during lockdown period stands 
the motivation for investigating the levels of tropospheric 
ozone and secondary organic aerosols in a comparative 
scenario with respect to the emissions scenario before 
lockdown period. 

 
In this study, we analyze surface and satellite 

measurements made during the Phase 1 (25 March to 14 
April), Phase 2 (15 April to 3 May) and Phase 3 (3 May to 
17 May) of lockdown periods of 2020 and compare these 
results with the observations available for the same 
locations and periods during 2019 over India. The 
comparative analyses are performed for Indian states and 
Tier 1 megacities (or megacity Delhi) in which the 
economic activity has been severely affected over the 
lockdown periods. To that aim, paper reports the changes 
in the surface concentration of nitrogen oxides (NOx), 
carbon monoxide (CO), sulfur dioxide (SO2), particulate 
matter (PM2.5 and PM10) and ozone (O3).  

 
 

Fig. 1. Geographical locations of air quality monitoring stations 
across India 

 
 

One of the largest source of reactive nitrogen (Nr) 
emission to the atmosphere is NOx which is primarily 
emitted by industrial activity and transportation (Ghude          
et al., 2009, 2012, 2013, 2020; Ghude et al. 2008; Jena           
et al., 2015) together with ammonia (NH3) which is 
significantly emitted by agricultural source (Pawar et al., 
2021), whereas CO is a product of residential combustion 
and power generation (Fadnavis et al., 2011; Ghude et al., 
2011; Palve et al., 2018). Similarly, analyses are carried 
out for the change of NO2 column data from high-
resolution nadir-viewing satellite sensors, the 
Tropospheric Monitoring Instrument (TROPOMI), single 
payload of the Sentinel-5 Precursor launched in October 
2017 (Veefkind et al., 2012). 

 
2.  Data and modeling 

 
2.1. Surface observation 
 
This study uses PM2.5, PM10, NO2, CO, SO2 and O3 

measurements conducted by the Central Pollution Control 
Board (CPCB) at 146 sites over India. The details of the 
geographical locations are shown in Fig. 1. The quality 
control and assurance method followed by CPCB for these 
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air quality monitoring stations is given 
athttps://cpcb.nic.in/quality-assurance-quality-control/. 
Furthermore, we take the following steps to reassure the 
quality of observations from the CPCB network stations. 
First, we rejected all the observations values above 1000 
µg/m3 at a given site if other sites in the network do not 
show values outside this range. Second, we removed 
single peaks that are characterized by a change in just one 
hour for all the data in CPCB monitoring stations. This 
step filters random fluctuations in the observations. Third, 
we removed some very high concentration values         
that appeared in the time series right after the missing 
values. 

 
2.2. Satellite observation 
 
We use TROPOMI NO2 tropospheric vertical 

column densities (VCDs) from the offline level 2 product 
provided by KNMI on Sentinel-5P Pre-Operations Data 
Hub. The details pertaining to the TROPOMI instrument 
and the data product can be found elsewhere(Van Geffen 
et al., 2015, 2018; Veefkind et al., 2012). Briefly, the 
Sentinel 5 Precursor aboard TROPOMI instrument 
provides daily measurements of NO2 VCDs at ~13:30 
local solar time. In Nadir view, the ground footprint of 
TROPOMI has a spatial resolution of 7.2 × 5.5 km2 before 
6thAugust, 2019 and 5.6 × 5.5 km2 afterwards. To retain 
the best quality data, we have only retained measurement 
for pixels corresponding to effective cloud fraction less 
than 0.3 and recommended quality assurance (qa) value 
greater than 0.75. In order to calculate the mean for a 
lockdown phase, the original level 2 data were 
oversampled at a 3.0 × 3.0 km2 spatial grid. Means were 
calculated only for those grids, for which at least three 
days of the acceptable quality data was available in a 
given lockdown phase. We also obtained AOD 
measurements from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) on-board the TERRA and 
AQUA satellites having Equator overpasses at local solar 
times 1030 and 1330, respectively (Kumar et al., 2020). 
We have used MODIS Level 3 aerosol gridded data at a 
spatial resolution of 1° × 1° with daily temporal averaging 
(Gupta et al., 2020). 
 
3.   Model setup 

 
In this study, we used the Weather Research and 

Forecasting model coupled with chemistry WRF-Chem 
v3.9.1 to simulate surface PM2.5 mass concentration 
during as well as before and after lockdown period              
(1st phase, 2nd phase and 3rd phase), starting from 8 March 
to 17 May, 2020. The forecasting system consists in a 
two-domain set-up with the outer domain covering 
northern part of the Indian subcontinent at a horizontal 
resolution of 10 km, the second domain covering the NCR  

 
 

Fig. 2.  Box-whisker plots of PM2.5, PM10, NO2, O3, SO2 and CO 
during lockdown periods of Phase 1, Phase 2 and Phase 3 of 
2020 (blue color) compare with 2019 (red color) over India 

 
 
and neighboring state at 2 km resolution (Ghude et al., 
2020; Jena et al., 2021). The meteorological initial and 
boundary conditions are based on the analysis and forecast 
product (Ensemble-Kalman filtering) produced by the 
IITM-Global Forecasting System (IITM-GFS, T1534) 
spectral model at 12.5 km grid resolution available at 
every three hours. The outer domain (D1) is provided with 
the six-hourly chemical boundary conditions from the 
MOZART-4 10-year climatology. However, chemistry 
output from the D1 domain every three-hour interval was 
dynamically used to establish a chemical boundary for the 
WRF-Chem inner domain (D2). The details on the 
physical and chemical parameterizations used in the 
model are given in Jena et al. (2021).The forecast was run 
with MOZART-4 gas-phase chemistry linked to 
GOCART aerosol scheme (MOZCART). We used 
anthropogenic, biogenic, fire and dust emissions details 
described in Jena et al., 2021. We used three-dimensional 
variational method (3D-Var) component of the 
community Grid point Statistical Interpolation (GSI) 
system Version 3.5. The 3D-var scheme blends the 
information from the satellite AOD and surface PM2.5 
observations details described in Jena et al. (2021).  
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Figs. 3(a&b). Change is community mobility before and during the nationwide COVID-19 lockdown in 
India (a) recorded by Google maps (https://www.google.com/covid19/mobility/) and            
(b) Apple maps (https://covid19.apple.com/mobility)    

 
 
4.  Results 

 
4.1. Surface observation description 
 
A lockdown was enforced due to spread of the 

COVID-19 disease with initial phase of 25 March to 14 
April (Phase 1), 2nd Phase of 15 April to 3 May (Phase 2) 
and 3rd phase of 3 May to 17 May (Phase 3) over India. 
We explore the surface measurements of fine-mode 
aerosols and trace gas species over entire India. Fig. 2 
shows the box plot of surface concentration of PM2.5, 
PM10, NO2, CO, SO2 and O3 during (Phase 1, Phase 2, 
Phase 3) lockdown periods of 2020 (blue color) compare 
with 2019 (red color) over India. Surface concentration of 

mean PM2.5 over India was reduced by 30.59%, 31.64% 
and 37.06% as compared to 2019 and 2020 during 
lockdown periods of Phase 1, Phase 2 and Phase 3 
respectively over India. The surface concentration of 
PM10 was reduced by 40.64%, 44.95% and 46.58% 
during Phase 1, Phase 2 and Phase 3 periods respectively 
over India. The SO2 concentration was reduced by 
16.73%, 12.13% and 6.71%, during Phase 1, Phase 2 and 
Phase 3 periods respectively with respect to those of 2019 
during Phase 1, Phase 2 and Phase 3 periods respectively 
over India. The NO2 concentration was also reduced by 
46.34%, 45.82% and 39.58% during lockdown periods of 
Phase 1, Phase 2 and Phase 3 respectively as compared to 
2019 and 2020 over India. The surface concentration of 

(a) 

(b) 
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Fig. 4(a). Box-whisker plots of PM2.5 for 2019 (red color) and 2020 (blue color) for 1st phase (top), 2nd phase (middle) 
and 3rd phase (bottom) over different states of India during nationwide COVID-19 lockdown period 

 
 

 
 

Fig. 4(b). Box-whisker plots of PM10 for 2019 (red color) and 2020 (blue color) for 1st phase (top), 2nd phase (middle) 
and 3rd phase (bottom) over different states of India during nationwide COVID-19 lockdown period 
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Fig. 4(c). Box-whisker plots of Nitrogen dioxide (NO2) for 2019 (red color) and 2020 (blue color) for   
1st phase (top), 2nd phase (middle) and 3rd phase (bottom) over different states of India during 
nationwide COVID-19 lockdown period 

 
 

 
 

Fig. 4(d). Box-whisker plots of Ozone (O3) for 2019 (red color) and 2020 (blue color) for 1st phase (top), 
2nd phase (middle) and 3rd phase (bottom) over different states of India during nationwide 
COVID-19 lockdown period 
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Fig. 5(a).  Box-whisker plots of PM2.5 2019 (red color) and 2020 (blue color) for 1st phase (top), 2nd phase (middle) and         
3rd phase (bottom) for tire 1 cities of India during nationwide COVID-19 lockdown period 

 

 
 

Fig. 5(b). Box-whisker plots of Nitrogen dioxide (NO2) for 2019 (red color) and 2020 (blue color) for 1st phase (top),          
2nd phase (middle) and 3rd phase (bottom) for tire 1 cities of India during nationwide COVID-19 lockdown 
period 
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Fig. 6. Terrain map of India showing the NO2 tropospheric vertical column densities for 2019 (left) and 2020 (center) during phase 1 (top 
panel), phase 2 (middle panel) and phase 3 (bottom panel). The right panels show the changes in NO2 TVCD in 2020 with respect to 
2019 for the three different phases of lockdown. The open circles in the right panels mark the location of state capitals of India 

 
 
 
CO was reduced by 45.08%, 41.51% and 60.45%          
during lockdown periods of Phase 1, Phase 2 and              
Phase 3 respectively over India. These atmospheric 
species have been affected by the reduction in mobility 
sector shown in Fig. 3 and industrial sector activity during 
the lockdown periods over entire India. Ozone is increased 
during Phase 1 (1.52%) and Phase 3 (5.91%) lockdown 
periods but slightly decreased in Phase 2 (-8.29%) as 
shown in Fig. 1. The ozone chemistry is highly non-linear 
in the pre-monsoon time of different states of India, its 
production is in a NOX saturated regime due to the relative 
lack of HOX radicals (Seinfeld et al., 2012). Besides, 
reduction of fresh NO emissions alleviates ozone titration 
(Seinfeld et al., 2012). Thus, a reduction of NOX leads to 
an increase in Ozone (Chate et al., 2014; Seinfeld et al., 
2016). 

We further extended our analysis of surface 
concentration of PM2.5, PM10, NO2 and O3covering the 
different states of India. Figs. 4 (a-d) shows the box-
whisker plot of surface concentration of PM2.5, PM10, NO2 
and O3 during Phase 1, Phase 2 and Phase 3 of lockdown 
periods of 2020 (blue color) and those of 2019 (red color) 
over Madhya Pradesh (MP), Maharashtra (MH), 
Karnataka (KA), Kerala (KL), Punjab (PB), Rajasthan 
(RJ), Andhra Pradesh (AP), Bihar (BR), Telangana (TS), 
West Bengal (WB), Delhi (DL), Gujarat (GJ), Haryana 
(HR), Tamil Nadu (TN) and Uttar Pradesh (UP) states of 
India. The surface concentration of PM2.5, PM10 and NO2 
were reduced by 3 - 60%, 23 - 65 % and 20 - 64 % as 
compared to 2019 and 2020 of different states of India 
during Phase 1 respectively except Kerala (KL) which 
show increase by about 35% of NO2 concentration. 
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Fig. 7. Box and whiskers plot showing the statistical distribution of the mean NO2 tropospheric columns over the selected states for the year 
2019 (red) and 2020 (blue) for the periods corresponding to lockdown Phase 1 (top panel), Phase 2 (middle panel) and Phase 3 
(bottom panel). The numbers above the boxes show the percentage change observed in 2020 relative to the mean in 2019 

 
 
 
 
During Phase 2, the surface concentration of PM2.5, PM10 
and NO2 were reduced by 17 - 57%, 22 - 57% and          
17 - 67% as compared to 2019 and 2020 respectively of 
different states of India. During Phase 3, as compared to 
2019 and 2020 of the surface concentrations of PM2.5, 
PM10 and NO2 were reduced by 19 - 70%, 10 - 64% and 3 
- 74% respectively of different states of India except Bihar 
increase by 74 - 76% of NO2 and PM10 concentration and 
increase 76% of NO2 in Kerala. The surface concentration 
of O3 was reduce by 5 - 56% as compared to 2019 and 
2020 of different states of India during Phase 1 except 
MP, PB, WB, GJ and TN were increased by 15 - 73%. 
During Phase 2, the concentration of O3 was reduced by 1 
- 60% of different states of India except MP, PB, WB and 

TN were increase by 4 - 128%. During Phase 3, the 
concentration of O3 was increased by 3 - 74% of different 
states of India except MH, KL, AP, TS and UP were 
reduce by 15 - 54%.  

 
Figs. 5(a&b) shows the evolution of surface 

concentration of PM2.5 and NO2 during Phase 1, Phase 2 
and Phase 3 of lockdown periods of 2020 (blue color) and 
2019 (red color) over a Tier 1 cities of India (Delhi, 
Kolkata, Hyderabad, Chennai, Vishakapatnam, Kanpur, 
Pune, Ahmadabad and Mumbai). It can be seen that the 
maximum decrease in surface concentration of PM2.5 
(~55%) and NO2 (~33%) was observed in Delhi during 
phase 1 period.  
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Fig. 8(a). Spatial difference of AOD over India during the lockdown period for Phase 1 of 2020 compared to 2019 
 
 

 
 

Fig. 8(b). Box and whiskers plot showing the statistical distribution of the mean MAIAC AOD at 550nm over the selected states for the year 
2019 (red) and 2020 (blue) for the periods corresponding to lockdown Phase 1 (top panel), Phase 2 (middle panel) and Phase 3 
(bottom panel). The numbers above the boxes show the percentage change observed in 2020 relative to the mean in 2019 
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Fig. 9.  Comparisons between hourly mean PM2.5 forecast without emission reduction (red), hourly mean PM2.5 forecast with emission 
reduction (green) and hourly mean PM2.5 observations (black) on day one forecast at 2km horizontal grid spacing over Delhi during 
8 March to 17 May, 2020 

 
 
 
5.  Satellite observation 

 
5.1. Tropospheric vertical column densities of NO2 
  
The tropospheric vertical column densities (TVCD) 

of NO2 retrieved by TROPOMI instrument on-board the 
Sentinel-5P satellite; broadly convey the same message 
about the impact of COVID-19 related lock-down on the 
tropospheric air-quality over India, except over Kerala 
during phase 1. Fig. 6 show the spatial distribution of 
TVCD of NO2 averaged for the 3 phases of lock-down for 
2019 (left panel) during 2020 lockdown (middle panel) 
and their difference (right panel). In-general, as compared 
to 2019, in 2020 TVCD of NO2 were expectedly lesser, 
during the lock-down days. The reductions were mainly 
seen over the Indo-Gangetic plains and also over the other 
emission pockets (i.e., mainly over the polluted cities) 
spread across the country. While most of the regions 
showed a decline in TVCD of NO2 during 2020, the 
northeast region of India showed an increase especially 
during phase 1 of the lock-down. This elevated NO2 levels 
especially in northeast region may be associated with 
increased fire counts due tobiomass burning period 
(Biswal et al., 2020). During the phase 2, the reduction in 
TVCD of NO2, were less spread and were more 
concentrated mainly over the urban hotspots. The phase 3 
of the lock-down depicted a mixed signal. The TVCD of 
NO2 was reduced over IGP and eastern parts of India, 

however that over central-west part of India was seen to 
have increased with respect to the year 2019. 
Interestingly, such an increase in columnar NO2 over the 
western states (for example MH, MP and KA) is not 
reflected in the surface measurements of NO2 [Fig. 4(c)]. 
The possible reason behind such a contrasting tendency in 
NO2 over the western part of India could be explored 
further in a separate study.     

  
In Fig. 7, we analyze the state-wise averaged TVCD 

of NO2 during lockdown period of 2020 and compared 
with the TVCD of NO2 during the year 2019 for the same 
duration. In-general, maximum reductions in TVCD of 
NO2 (30-71%) were seen over the national capital, New 
Delhi. During the 1st phase of the lock-down the state-
wise reduction in columnar NO2 were between 6.4% and 
71.5%, while that during the second phase columnar 
NO2stabilized down between 7.6% and 51.5%. As seen in 
Fig. 7, the 3rd phase of the lock-down showed a mixed 
signal with TVCD of NO2 changing from -30.2% to 
+15.7%. Interestingly, the states in the central-west part of 
India (MH, MP, KP, GJ and RJ) showed an increase in 
TVCD of NO2 as compared to the previous year.  

 
5.2.  Aerosol Optical Depth (AOD) 
 
In addition to the columnar NO2, we also performed 

analyses of the columnar aerosol optical depth (AOD) 
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TABLE 1 
 

Performance statistics over Delhi 
 

State Variables 
2 km 

MB NMB (%) NMFB (%) NMFE (%) RMSE R 

Delhi Before Lockdown 15.7 23.6 21.1 30.8 30.4 0.5 

 1st Phase Lockdown without reduce emission 31.0 79.2 56.7 57.1 37.8 0.6 

 1st Phase Lockdown reduce emission 11.2 28.8 25.2 33.2 19.1 0.5 

 2nd Phase Lockdown reduce emission 5.0 11.2 10.6 26.2 15.6 0.6 

 3rd Phase Lockdown reduce emission 6.7 12.7 12.0 31.7 24.5 0.4 

 
 
 
from MODIS over the Indian region for the same time 
period. The details of the datasets used in this analysis can 
be found in section 2. Fig. 8(a) shows the spatial 
difference of AOD over India during the lockdown period 
of 2020 compared to 2019. It can be seen that Aerosol 
loading was significantly reduced over the India region 
and particularly large reduction is seen over the IGP 
region. Fig. 8(b) shows the state-wise averaged TVCD of 
AOD during lockdown period of 2020 and compared with 
the TVCD of AOD during year 2019.  During the 1st 
phase of the lock-down, most of the states depicted 
reduced AOD in 2020 compared to 2019, with reduction 
ranging between 5-40%. In the 2nd phase of the lock-
down, barring the states in the western part of India          
(PB, HR and GJ), the AOD showed increments above the 
corresponding 2019 levels of around 3-20%. During the 
3rd phase of the lock-down, AOD again was seen to be 
generally lesser than its 2019 values by around 6 to 41%. 
AOD is an integrated effect of natural and anthropogenic 
aerosols. The increments in AOD could be associated with 
the perturbed natural aerosols as well. The possible 
reasons behind such a response of AOD to the lock-down 
related restrictions on anthropogenic activities could be 
investigated further using numerical models.  

 
6. Model results 

 
Fig. 9 illustrates the comparative analyses of hourly 

mean PM2.5 forecast without emission reduction (red) and 
with emission reduction (green) and observed hourly 
mean PM2.5 observations (black) on day one forecast at 
2km horizontal grid spacing over Delhi during 8 March to 
17 May, 2020. The observed PM2.5 mass concentrations 
averaged over all the CPCB stations at Delhi shows higher 
levels before the lockdown period (8th to 24th March, 2020) 
as compared to those during 1st, 2nd and 3rd phases of 
lockdown periods. Hourly mean forecasted values of 
PM2.5 mass concentrations with business as usual (without 
emission reduction-red) before the lockdown (1st phase) 
periods corroborates the model ability of predictions 

during the normal days of business as usual (before 
lockdown or previous year 2019 of same period). 
Nevertheless, during 1st phase of lockdown, model 
simulated PM2.5 shows over estimation to those of 
observed PM2.5 mass concentrations and over estimation 
of hourly forecast values of PM2.5 to those of without 
reduction of emissions. Model simulated hourly mean 
values of PM2.5 mass concentrations with emission 
reduction (green) and hourly mean PM2.5 observations 
(black) over Delhi during 2nd and 3rd phases of lockdown 
period are by and large in agreement except few peaks 
either in observed or in simulated results during these 
lockdown periods. Based on the observed reduction in the 
surface mobility data (Fig. 3) we reduced the emissions of 
PM2.5, PM10, CO, SO2, BC, OC and NMVOCs and NOX 
by 75% during all the three phases of lockdown. After 
reducing the emissions, model showed excellent skills in 
capturing the observed PM2.5 concentrations (green line in 
Fig. 9) over Delhi. The performance statistics for before 
lockdown, 1st phase lockdown without & with reduced 
emissions 2nd and 3rd phases of lockdown reduced 
emissions of the simulated PM2.5 mass concentrations over 
Delhi are evaluated by examining the mean bias (MB), 
Pearson’s correlation coefficient (R), normalized mean 
fractional bias (NMFB) and normalized mean fractional 
error (NMFE) (Table 1). Table 1 reveals that PM2.5 
simulations performed close to excellent criteria for before 
lockdown, 1st, 2nd and 3rd phases of lockdown reduce 
emissions as the NMFE is within 33.2%. 

 
7.  Conclusions 

 
The paper presents the surface and satellite 

measurements made during the Phase 1 (25 March to 14 
April), Phase 2 (15 April to 3 May) and Phase 3 (3 May to 
17May) of lockdown periods of 2020 and compare these 
results with the observations available for the same 
locations and periods during 2019 over India. The 
comparative analysis are performed for Indian states and 
Tier 1 megacities and reports the changes in the surface 



 
 
               NIVDANGE et al. : NATIONWIDE COVID-19 LOCKDOWN IMPACT ON AIR QUALITY IN INDIA      127 

 

concentration of CO, PM2.5 and PM10, O3 and satellite 
retrieved columnar NO2. Surface PM2.5 was reduced by 
30.59%, 31.64% and 37.06%, PM10 by 40.64%, 44.95% 
and 46.58% and CO by 45.08%, 41.51% and 60.45% as 
well as columnar NO2 by 46.34%, 45.82% and 39.58% as 
compared to 2019 and 2020 during lockdown periods of 
Phase 1, Phase 2 and Phase 3 respectively over India. The 
reduction in PM2.5, PM10, CO and columnar NO2 were on 
account of restricted transports mobility and industrial 
activity during the lockdown periods over India. 
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