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ABSTRACT

The appearance of COVID9 in December, 2019 in China and its rapid spread all over the globe, forced the governments
to severely curb the social and economic activities of their respective countries. Barring the essential servicesgmost of th
business atvities and transport sectors have been suspended amnmhpaacedentedockdown imposed over major
economies in the world. Souffast Asian regions, such as India and China, were no different. As a result, the pollutant level
has gone down over these i@gs, and the air quality improved somewhat better than it was before the lockdown. This study
uses satellite retrievals and attempts to estimate the extent of the reduction of major pollutants, like carbon monpxide (CO)
nitrogen dioxide (N@ and sulfur ibxide (SQ) in India and China during January to April, 2020. We have calculated
anomalies of pollutants during the lockdown period relative to theirtiemy records. N&) which has significant emissions
from the transport sector, is reduced on an &by 17% over India and 25% over China,3@Mich mainly emits from
power plants, shows significant reductions (approx. 17%) especially over the Eastern sector of India. CO is found to be
reduced by 6.5% over norttentral China. The differential redumti was attributed to mamade versus natural activities.

This study is helpful to policy makers in mitigating the@atlution on a longerm perspective.
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INTRODUCTION maintain person to person 06sc
the virus infection. As a result, economic activities, such as
Coronavirus disease 2019 (COVIM) is a novel social events, agricultural practices, travel, and tourism, etc.
pneumonia caused by severe acute respiratory syndrofnave come to a near halt. Business activities are drastically
coronavirus 2 (SARE0V-2). COVID-19 is the seventh reducedand peopl e are forced to
coronavirus known to affect humans (Anderseal, 2020). a situation has resulted in an unprecedented effect on the
This novel coronavirus was first reported in December, 201&nvironment. Due to the strict enforcement of vehicular
in Wuhan, the capital of Crhavemand the dinisdioa levelthasanamatically redu&d. Ax e
it has transmitted across the natiarithin a very short time. a result, air quality has signifiatly improved. Few previous
Due to the rapid spread across the globe, the World Healifistances show short time emission control measures (ECM)
Organization (WHO) declared COVH29 as a pandemic on improved regional air quality. For example, ECM imposed
March 11, 2020. Till April 292020, 3,018,952 cases haveduring 20080lympic and Paralympic games held injBg,
been confirmed globally, with 207,973 deaths, according t€hina, improved air quality over Beijing and surrounding
WHO (2020) International travel is believed to have regions for almost two months (Jufeptember). A reductio
potential effects (Bogooét al, 2020) in the rapid spreading of 43%, 13% and 12% in total column NQ@°NO),
of the virus across the globe. boundary layer SX-SQ,) and 700 hPa CO (Gg) with
Lockdown measures have been implemented by thespect to the last three years whserved over Bgng and
governments and regulatory agencies across the world sarrounding regions due to strict traffic movements and
controls on pollutant emission (Wigal, 2009). Air qualiy
improvement during 200Beijing Olympics was also repode
by Wanget al. (2010) andShenet al. (2011). Temporary

* Corresponding author. restriction in traffic movements was found to improve air
Tel.: 9732789387 quality in the 2004 Athens Olympic$rantzeskakis and
E-mail addressabirmetya92@gmail.com Frantzeskakis 200&henet al, 2011), the 2002 Busan Asia
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Games (Leeet al, 2007) and the 1996 Atlanta Olympics lection/gpwv4). The geographical extent of the study areas
(Friedman et al, 2001). Recently, a significant drop in denoted as (a) India box (Ibbx): 70 92°E and 833°N and
pollutant levels has been reported; for example, Spain, oifle) China box (CkHbox): 103 122°E and 2240°N. IN-box
of the badly infected countries, reported a 90% drop imcludes a major portion of India (excemrtireast India),
vehicular traffic and a corresponding level of pollutionBangladesh, Nepal, Bhutan, part of Sri Lanka, part of Pakistan
(Barbuzano 2020). and part of Tibetan plateau. Eastern China is the main part
Very strict lockdown measure was implemented by thef the CHbox. It is evident that the total population in-IN
Indian and the Chinese governments due to their vabbx increased sharply in the last twenty years tharCth
population (1.35 and 1.39 billion respectively). Hence itxeff box. Moreover, these two boxes, which cover almost an area
on air quality is expected to be significant and skiod of  of ~1.37% of the earth, contain ~33% of the total population
studies have been recovended (Saraswat and Saraswaof the globe. These two regions saw rapid industrialization
2020). To study the @l oc k daodsocieeeohoimie grawth in thenlasttfelv decaples.IMbreovea n t s
have analyzed the remote sensing data of a few atmosphdfidGAR v4.32 emission inventory data show a shift of top
pollutants; these are Carbon Monoxide (CO), Sulfur dioxid€O, SQ, and NOx emission regions from USA and Europe
(SO, and the oxides of nitrogen (N)Pmainly he NG. Air  in 1970 to India and China in 2012 (Cripgtaal,, 2018). As
pollution has an impact on air quality (Mon&ssal, 2009), a result, these two regions suffer from poor air quality.
climate, health (WHO 2016), and visibility (Wamg al, As mentioned earlier, thgovernment of both countries
2012). Carbon monoxide (CO), Nitrogen dioxide Né&nd took very strict measures to contain the spread of the deadly
Sulfur dioxide (SQ) are very toxic, gaseous air pollutantsvirus. Mass movements were restricted by curbing public
and produed by anthropogenic activities lievehicular transports (bus, train, airplane, etc.), large gatherings were
emission, power plants, manufacturing, real estate activitigmnned, school colleges were closed, and duple were
etc as well as natural sources likeiomass burning, soil obliged to stay at home. Such measures prove sufficient
emission, and lightning. These pollutants can be emittgoromises to slow down the spreading of the virus as well as
locally or can be reached by largeale transport due to improve air quality in several parts of the world.
meteorology, depending upon pollutant lifetime, chemical
reactivity, and wind circution (Maaset al, 2016;Sawlani  Air Quality Data
etal, 2019). In this study, we used satellite retrieved Carbon The Atmospheric Infrared Sounder (AIRS), peatabiting
Monoxide (CO), Sulfur dioxide (S and Nitrogen Agua satellite launched by NASA on May 4, 2002, was
Dioxide (NO,) concentration to explore COVHIO induced aimed to monitor global water and energy cycles. As a part,
lockdown effect on these gases otte SouthEastAsian it measures atmospheric CO. This-synchronous satellite

region mainly over India and China. has a 16&lay repeat cycle. AIRS provides daily lex&l
global CO averaged over ¥°1° grid cells associated with

DATA AND METHODOLOGY 24 standard pressure levels. We used a vetsiamscending
product of the satellite. The data quality and stability can be

Study Area found in(Susskincet al, 2014) AIRS CO products are most

Fig. 1(a) shows the two study areas, India, and eastesensitive to the midroposphere. Hence, we haa&en CO
Ching where the virus was believed to have originated. Th&fom 700 hPa level in the study and denoted as£O
population density is shown by blue shading. Population Ozone Monitoring Instrument (OMI) was launched in
data was taken from Socioeconomic Data and Applicationsu | vy , 2004 onboard NASAé6s Aur
Center (SEDAChttps://sedac.ciesin.columbia.edu/data/colFinnish naditviewing hyperspectral imaging spectrometer
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Fig. 1. Shows population density (persons/sq. km). Two densely populated arelasx(dhd CHbox) are marked by
squared boxes. (b) shows a change in the total populationtmé¥Mind CHbox in the last 2§ears by theed and green
line respectively Bars are the percentage of therld population that lives within the two regions.
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flying on a sursynchronous orbit crossing the local equatowhere,y: represents the i@ay or monthly averaged time
between 13:40 and 13:50 LT. OMI measures inWhe  series of the pollutank; is 10-day or months from January

visible wavelength range (27800 nm) at a nadir resolution 1, 2010,R: is the remainder and A, B, C, are the fit

of 13x 24 km. OMI obtained atmospheric seasurement parameters. A is constant of the fit, B is an annual trend, C

in the U\twavelength (3101840 nm) and N@measurement  is seasonal amplitude;( 2 8/ 3 6) i's Hisaquenc
in the 405460 nm (Visiblerange). phase shift. B is the slope or linear trend of the time series.

OMI tropospheric column N@daily data, OMNO2d Then the time series wedetrended by subtracting observed
(Krotkovetal,2017) i s obtained from NASA GES DAAC
(https://disc.gsfc.nasa.gov/datasets/lOMNO2d_003/summaryjMe Series by3—6 BX, or 5BX for a 10day averaged
It is a level3 gridded product with 0.25% 0.25° grid
resolution. OMI boundary layer S@aily data, OMSO2e
(Krotkovetal.,2015) i s obtained fro N C
(https://disc.gsfc.nasa.gov/datasets/OMSOZe_OOS/summanEQ ESUIﬁ'§ AND%%EUS@@M\
The level3 gridded product of 0.25¢0.25° grid resolution :
is obtained from an improved Band Residual Differenc Garbon Monoxide (CGug
Algo_rlthm (BRD).;I’roposphBeLrlc N@and boundary layer only chemically colourless, odourless, and tasteless but also
SCis denoted by '\.IOZ and . SQ, hereafter_. toxic gas which is considered as an indirect greenhouse

Moderate Resolution Imaging Spectroradiometer (MODIS) s Higher levels of CO can lead to serious health problems
onboard NASAOS Terra and ey aceainsctir dcfofersihodrib aiildbghered @ t ¢
from February, 2000 (Terra) and June, 2002 (Aqua). MODIg o incomplete combustion of carbon mainly due to
fire-products provide theocation, timing, instantaneous ,,sehold combustion, industrial activities, road transport,
radiative power, and smoldering ratio of actively burningyng agricultural waste buming. The lifetime of CO is 1
fires (Kaufmaret al, 1998). Near reaime (NRT) MODIS 3 1onths (Coopeet al, 2002). The indirect radiative forgn
Thermal Anomalies / Fire location€ollection 6 processed 5t co due to productioaf ozone (Q) andcarbondi-oxide
by NASA's Land, Atmosphere Near reahe Capablity for  (c0,) as well as modulating the lifetime and abundance of
EOS (LANCE) Fire Information for Resource Managemengtmospheric methane (GHs estimated to be 0.23 (0i18
System (FIRMS), using swath products (MOD14/MYD14).0.29) Wni2 (Myhre et al, 2014). CO emission from China
The NRT fire data is replaced with data extracted from thg found to be stable (2008009) despite the rapid increase
standard MCDI14ML Active Fire/Thermal Anomalies in energy consumption and industrial economy due to
locations (vector data), as it beoesravailable, usually after jmprovements in energy efficiency and emission control
2 months. Hence, fireounts used in the text from 2013 yeqylations (Zhaet al, 2012). We found a decrease in 60O
2019 is standard product (MCD14ML) and data of 2020 igyer China, the rate isl.58 ppb yi* andthe rate over India
NRT product (MCD14DL). is 10.433 ppb yi* during 20102020. Hence, the monthly

The Emissions Database for Global Atmospherignean dataset was detrended using Eq. (2).

Research (EDGAR) is a botteup emission database that  Figs 2(a),2(c), and2(e) show the monthly anomaly of
provides country level as well as gridded emissions frorcQ,, The climatology (2012020) of CQge0f January
several sectors for air pollutants as well as greenhouse gageruaryMarch is shown inthe supplementary section

or monthly dataseespectively

€ carbon monoxide (CO), an important pallutant, is not

from 1970 (Crippaet al, 2018). (Fig. S1(a)). China emits more CO than India.7&&hows
a clear seasonality over both regions. Both the areas show
Detrend the Datasets similar seasonality with maximum Gg&in spring (March

The pollutants CO, N@and SQ show strong seasonality Aprili May) and minimum in summer (Junkilyi Augusi
as well as annual trends. Some places show negative tre tenber). Monthly anomaly (in %) of January, February,
due to strong mitigation policies. While a lack of mitigationand March, 2020 of Cf (Fig. 2, left column) as well as
compliance leads to positive trends in other places. HenaglODIS fire-count (Fig. 2, right column) is shown. Fig. 2(a)
the data has been detrended on every5°grid box using  shows a positive anomaly in the central part ofIzht in
a nonlinear regression model suggested by (van @®@h  January, 2020. While Fig 2(c) and2(e) show a strong
2017). In the present study, we have resampled the daifyegative anomaly of12 toi20% in different regions of
satellite data to a 1@ay average for NOand monthly  north-central China. A strong positive anomaly is observed
average for CO and SOHence, the nonlinear regressionat the same time in sou@hina becoming more positive in
fitted to 10dayaveraged data is: March. MODIS firecount data shows a positive anomaly
over the IndeChina peninsula, which turns out to be more
positive in February and March. Monthly wind vectors at
700 hPa level obtained from NCENCAR reanalysis are
also shown in Fig. 2 (left column).

Fig. 3(a) shows the change of ggbver a smalleragion
of north-central China (106L22°E and 3040°N, shown in
1 Fig. 2(c), denoted by squared box). The length of the bars
y, = A += BX (Esin(w){ f}k R (2) presents a change in percentage from the-temg mean

12 (2010 2020) in January (red), February (blue), and March

W=ASBX Esin(wX A R (1)

And, the equation for the monthly dataset is,
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Fig. 2. Monthly anomaly of C@y for (a) Janua®2020 and (c) February, 2020 (e) March, 2020. Corresponding winds at
700 hPa are shown as vectors taken from NGIERAR. Monthly anomaly of MODIS fireeount in (b) January?2020
(d) February, 2020 and (e) Mach, 2020.
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COjyqp over North-central China
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Fig. 3. Percentage change in @fxrelative to the mean (201R2020) of individual years over (a) nortientral China. Red:
January, Blue: February, Green: March. (b) and (c) shows the percentage ciaNg® ielative to the mean (201.2020)
of individual years over CHbox and INbox, respectively. (d) shows the percentage chan8esi®; relative to the mean
(2010 2020) of individual years over edsidia.

(green). Nortkcentrd China shows a significant reduction can be observed in the table during February (158.8 ppb)
in COygoin February and March. The maximum reduction isand March (164.7), 2020.

observed in February, about ~6.5% from long term mean Global CO sources are mainly from anthropogenic activities
(2010 2020). March is also associated with a moderatés00 600 Tg yt!) and biomass burnin@00 600 Tg yi?)
decrease of about ~5.1%. The absolute valuesdathr  (Zhanget al, 2020). Biomass burning plays an important
central China are also shown in Table 1. A significant reductiaole in global CO concentrations. On a regional scale, the
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Table 1. Time series of C@g, "°NO, andB-SQ,in JanuaryApril for the last Syears.Significance (pvalue) of the anomaly
is derived using-atatistics (z= 1 p/0).

2016 2017 2018 2019 2020
Mean Anomaly

COroo (ppb) for northcentral China
January 166.63 160.45 153.61 157.19 164.74 3.67 (p=0.27)
February 169.55 161.41 165.34 166.77 158.87 7111.035 (p = 0.06)
March 187.38 176.69 171.62 167.6 164.68 718.86 (p = 0.07)
TCNO; (umol m'?) for CH-box
January 169.05 154.75 194.31 176.22 156.87 133.27 (p = 0.08)
February 118.0 137.05 114.26 126.4 101.37 135.07 (p = 0.09)
March 120.1 132.07 117.77 125.02 113.85 115.42 (p =0.12)
TCNO; (umol m'?) for IN-box
February 25.1 24.02 28.13 22.42 2341 710.05 (p =0.5)
March 26.35 26.84 27.83 22.98 20.97 4.1 (p = 0.05)
April 26.31 26.0 24.58 23.33 21.47 12.68 (p = 0.03)
BLSQ; (umol m'?) for eastindia
February 169.5 172.28 164.49 158.16 158.52 0.32 (p=0.48)
March 137.54 144.64 139.35 144.64 156.82 18.2 (p = 0.01)
April 125.56 119.21 121.48 124.16 96.82 120.0 (p =0.01)

influence of biomass burning is also important in East Asia The 16day anomaly of°NO; in percentage is shown in
(Kanget al, 2019) and Southeast Asia (Y&t al, 2019).  Figs. 4(a) 4(d). The date shown in the figure tittethe day
Hence, fire in the Ind&hina peninsula with strong 700 hPaone of the 1@lay anomalies i.e., Fig. 4(a) shows the mean
wind produce positive CO anomaly over seattst China. anomaly of January 1 to January 10, 2020. A significant
On the other hand, ¢hindustry and transportation sector isnegative anomaly is evident during February over a large
the dominant CO emitter in the eastern and roetiitral portion of China. However, the anomaly reduces from
China (Zhaoet al, 2012). Hence, a decrease in CO oveiMarch fourth week ahbecomes positive in April. While a
north-central China in February and March is most likelynegative anomaly appears over India in March fourth week,
driven by a massive lockdown regulation. The lockdowrit further intensified in April. The latituddéme plot, widely
effect is nearly absent in soutfastern China due to biomassknown as the Hovmdller diagram, is shown ind#fe) and

burning in the IndeChina peninsula. 4(f). The negative anomaly was founkl@a/er the CHbox
and concentrated between January second week to March
Tropospleric NO("°NO) first week (Fig. 4(e)). Largscale negative anomaly persists

NO; is considered as one of the crucial atmospheriover the INbox from the third week of March (Fig. 4(f)). A
pollutansdue to its severe effects on human health and planationwide lockdown was initiated by the Indian government
growth (Sabljic, 2009). High N©O levels can cause from March 25, 2020, which forced about a billion people
photochemical smog, acid rain, and nitrate aerosols. Indirectly stay at home, and restricted vehicular movements. The
it can affect the greenhouse gas budget by producingffect of lockdown is also seen in Fig. 4(c) a&{d), which
tropospheric ozone. High temperature combustion processasows a large negative anomaly almost all over thibdil
such as power plants and transport sectors emit Nike  Google mobility datéFig. S(3)) also shows a large decrease
top emitting NQ centres have been shifted from the USA,in mobility over India and neighbouring regions (Pakistan,
Europe to India, and China from 192012. Though N@ Nepal, SriLanka, and Ind&€China region) from the third
lifetime is highly dependent on meteorology, length of nightweek of March. The retail and recreation sector, as well as
temperature, OH and,B concentration, daytime N@fetime  transit stations, showed a substantialrdase (~80%) from
is ~4 to ~8 hours (Beirlet al, 2011). Even though the baseline over India during lockdown (fronf 3veek of
satellite provides a total column density of NQpto ~10 March, 2020).
13km), the majority oNO, molecules lie within the boundar Fig. 3(b) shows a ~25% reduction'6NO,in CH-box in
layer, within lowermost 412 km (Boersmat al, 2009).Short  February. Moreover, a significant reduction is also seen in
lifetime and sensitivity to the boundary layer contribtde January and March (~17% and ~12%). This massive rieduct
TCNO, as most sensitive to surface emission. Previous studies "°NO- in consecutive three months is seen for the first
found an increasing trend in NOver India (Ramachandran time in the last &ears. On the other hand, -Bbx also
etal,2013; Ghudet al, 2008). In the last decade (202020)  experienced a large reduction™NO; for the first time in
an increasing trend of +0.38nolm'2yr'tin T°NNO, over the  the previous &ears. Quantitatively ~17% and ~11% rechrct
IN-box was observed. Stringent regulatory enforcenbgnt is observed oer IN-box during March and April.

China (Liuetal., 2016) led to a significant reduction of NO  Table 1. shows area averagétlO, for JanuaryMarch
from 2011 onwards. We fourid.26umol m'2 yritreduction  for the last Syears (20162020) over CHbox. CHbox
of T°NO, during 20102020 over the CHbox. receives 101.37 and 113.8%nol m? T°NO, in February
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31 to April 9,2020 and (d) April 10 to 19, 2020. Thibatitude plot over CHox and INbox is shown in (e) and (f).

and March,2020, lowest in the last-$ears. The average manufacturing industries and construction over China in
TENO; over IN-box was 20.97 and 21.4ifol m2in March 2012 (Fig. S2(b)). Transport (~24%), energy sector (~44%),
and April, 2020. These average values are also the minimusnd manufacturinghdustries and construction (~14%) were
seen in the last-$ears. also major NQemitters of India in 2012 (Fig. S2(a)). Massiv

The transport sector is an essential source gfihNOhina  reduction of NQ over IN and CHbox during lockdown is
and India Garget al, 2001; Crippaet al, 2018). Sector most likely driven by decrease in vehicular movement.
wise emission from EDGAR v4.3.2 shows ~15% emissioflowevertheenergy sector is the largeshitter of NQ, and
from transport, ~41% from the energy sector, ~24% frornthis sector shows little variation in regional scale.



Metyaet al, Aerosol and Air Quality ResearckO: 17721782, 2020 177¢

Boundary Layer SQ (B-SQy) desulfurization of codlired power plants in 2005/2006i (et

~33 million people lived in areas with substantial,SO al., 2010;Xu, 2011). On the other hand, India had increased
pollution (Liet al, 2017). SQforms sulfate (S¢¥') aerosols its SG emission (u et al, 2013;Li et al, 2017) due to
by oxidation and results in acttéposition through sulfuric growing electricity demand and lack of regularization. We
acid (HSQy). Moreover, the sulfate aerosols lead to historidhave also found an increase of +1irol m?2 yr't BLSQ,
Aibndon smogd and | ead t oe maver N-bdxlardra decrease p8.7dpmal o hyr'FiS@&mat u
deaths each year (Lelievelt al, 2015). Chinaalone is over CHbox. HenceB'SQ; is also detrended similar to
responsible for 30% emission of glblg0, (Klimont et al,  T°NO, using Eq. (1).
2013). Moreover, 90% of SAn China is produced by coal  Figs. 5(a) and5(e) show locations ofoatbased large
consumption (Chen and Xu, 2010). Coal is widely used i(> 2000 Mw) power plants over China and India. It is enide
thermal power plants, various industries (steel, cement, atidat most of the power plants are clustered around mdist
glass) and residential activities. Power plants are responsil{i&0i 87° E and 1925° N) and northcentral China (106
for 30/ 40% of total emission and industry for anothei 50 122° E and 3040° N). A positive anomaly is found over
60% over China (Het al, 2012). EDGAR v4.3.2 emission eastindia in March (Fig. 5(b)) which becomes negative in
database shows ~33% emission from powants| ~45% April (Fig. 5(c)). While, the negative anomaly is found over
from manufacturing industries and constructieii% from  north-central China surrounded by positive anomaly in
residential ~0.18% from transport in 20(Fig.S4(b)). Steady February (Fig. 5(e)). Moreover, ptige anomaly acquires
growth in emission from power plants and a decrease f completely nortikcentral China in April (Fig. 5(f)).
theresidential sector is also evident in 102012 time sparA BLSQ; is sensitive to strong anthropogenic sources and
similar characteristic is also found for India. Poywtants regional pollution. While the lifetime of S@ short, typicly
are responsible for65% SQ emission, and manufactugn 4i 48 hours (Leet al, 2011), the?-SG, is used as a proxy
industries contribute ~24% in India $€hare (Fig. S5(a)). for the location of S@emissions. Longime climatology

Advances in satellite measurements provide an opportuni(ig. S5(a)) shows hightSQ, around power plants and coal
to study over large regions with improved accuracy. Mangependent (or consuming) industries, which is also found in
studies have used S@ata from OMI due to its superior previous studies (Let al, 2017; van der Aet al, 2017).
ground resolution (Fioletost al, 2013). Longterm (2010  Power System Operation Corporation (POSQQCalia,
2020) monthly climatology ¢SO, shows high concentration "https://posoco.in/*) shows a reduction in evening peak
over IN and CHbox in JanuaryfFebruaryMarch with a power demand from MarcB2, onwards (Fig. S(6)). The
strong seasonality (Fig. S5(a) and S5(b)). Seymmlious decrease is very distinct and was not found in previgeads
studies found that China had reduced 8@ission through (2017 2020). This unusughenomenon may be caused by
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Fig. 5. Position of large (> 2000 Mw) coal based power plants over India and China is shown in (a) and (d). Monthly anomaly
of B-SQyover India for (b) March, 2020; (b) April, 2020. Monthly anomal$'@&0; over China for (e) February, 2020 and
(f) April, 2020.
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largescale lockdown in India from March 25, 2020. As atheir encouragement.

result, we found a large decreasé’i8Q; over eastindia.

Quantitatively 17% (Fig. 3(d)) reduction 8fSO, from long SUPPLEMENTARY M ATERIAL

term mean is observed over elslia during April. Average

density of SQ@is 96.82umol m? (Table 1), lowest in the Supplementary data associated with this article can be
last five'years. While, area averagBeSO, does notshow  found in the onlineversionat https://aaqr.org/

significant reduction in February, 2020, desgi@gmented
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