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a b s t r a c t 

Wuhan Tianhe International Airport (WUH) was suspended to contain the spread of COVID- 

19, while Shanghai Hongqiao International Airport (SHA) saw a tremendous flight reduction. 

Closure of a major international airport is extremely rare and thus represents a unique op- 

portunity to straightforwardly observe the impact of airport emissions on local air quality. In 

this study, a series of statistical tools were applied to analyze the variations in air pollutant 

levels in the vicinity of WUH and SHA. The results of bivariate polar plots show that airport 

SHA and WUH are a major source of nitrogen oxides. NO x , NO 2 and NO diminished by 55.8%, 

44.1%, 76.9%, and 40.4%, 33.3% and 59.4% during the COVID-19 lockdown compared to those 

in the same period of 2018 and 2019, under a reduction in aircraft activities by 58.6% and 

61.4%. The concentration of NO 2 , SO 2 and PM 2.5 decreased by 77.3%, 8.2%, 29.5%, right af- 

ter the closure of airport WUH on 23 January 2020. The average concentrations of NO, NO 2 

and NO x scatter plots at downwind of SHA after the lockdown were 78.0%, 47.9%, 57.4% 

and 62.3%, 34.8%, 41.8% lower than those during the same period in 2018 and 2019. How- 

ever, a significant increase in O 3 levels by 50.0% and 25.9% at WUH and SHA was observed, 

respectively. These results evidently show decreased nitrogen oxides concentrations in the 

airport vicinity due to reduced aircraft activities, while amplified O 3 pollution due to a lower 

titration by NO under strong reduction in NO x emissions. 
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viation is an integral part of the global transportation sys- 
em and contributes significantly to the world’s economy 
 Lee et al., 2009 ; ICAO, 2019 ); however, while aviation enables 
conomic prosperity, it represents one of the most inten- 
ive energy consumers and its emissions impose adverse im- 
acts on the climate, surface air quality and human health 

 Morris et al., 2003 ; Lee et al., 2010 ; Carslaw et al., 2006 ). Air-
raft emissions impose direct radiative effects on the climate 
ystem through emissions of carbon dioxide (CO 2 ), soot, and 

ater vapor (H 2 O) ( Olsen et al, 2013 ), while nitrogen oxides 
NO x ), sulfur oxides (SO x ), carbon monoxide (CO), and hy- 
rocarbons (HC) emitted from aircraft operations have indi- 
ect radiative impacts through their interactions with com- 
lex gaseous and aerosol processes affecting ozone, methane,
nd clouds ( Holmes et al., 2011 ), occurring at roughly 9 - 11 km
 Morris et al., 2003 ; Lee et al., 2010 ). Pollutants emitted during
anding and take-off cycle (LTO) can lead to air quality deterio- 
ation ( Carslaw et al., 2006 ; Barrett et al., 2010 ; Lee et al., 2013 ).
revious studies have shown that aircraft emissions can sub- 
tantially deteriorate surface air quality by increasing the con- 
entrations of NO x ( Carslaw et al., 2006 ), CO ( Schürmann et al.,
007 ), PM 2.5 ( Unal et al., 2005 ; Hu et al., 2009 ) and the level of
azardous airborne particle-bound polycyclic aromatic hydro- 
arbons (PB-PAH), vapor-phase PAH ( Childers et al., 2000 ) and 

article-bound lead (PBL) concentrations ( Fine, 2007 ) in the 
icinity of airports. Ozone (O 3 ) is a secondary pollutant, which 

s generated through a series of photochemical reactions be- 
ween its precursors, nitrogen oxides (NO x = NO + NO 2 ) and 

olatile organic compounds (VOCs) ( Liu et al., 2012 ). The for- 
ation of O 3 is much depending on the O 3 sensitivity regime,

etermined by the ratio of VOCs and NO x ( Lu et al., 2010 ).
tudies also reported that aircraft activities contribute pos- 

tively to elevated O 3 level ( Yim et al., 2015 ; Ashok et al.,
013 ). Additionally, aircraft emissions are recognized to cause 
remature mortality ( Barrett et al., 2010 ; Levy et al., 2012 ; 
im et al., 2015 ), and deleterious consequences for human 

ealth, e.g., increased incidence of cardiovascular and pul- 
onary diseases, asthma, diabetes and cancers, have been 

inked to elevated NO x and PM concentrations ( Hertel et al.,
013 ; Shiraiwa et al., 2017 ). 

A few studies have attempted to estimate the negative con- 
ribution of aircraft activities to local air quality. These stud- 
es were generally implemented through site measurements 
r modelling work. For example, Hudda et al. (2014) measured 

he particle number concentrations (PNC) and a 2-5-fold in- 
rease in areas 8-16 km downwind of the Los Angeles Inter- 
ational Airport (LAX) was observed, while Hu et al. (2009) re- 
orted elevated ultrafine particles (UFPs) concentrations by a 
actor of 10 and 2.5 at 100 and 660 m downwind, respectively,
nd spikes in concentration of black carbon (BC) and particle- 
ound polycyclic aromatic hydrocarbons (PB-PAH) were in as- 
ociation with aircraft activities. The nitrogen oxides detected 

n individual plumes from aircraft departing on the northern 

unway of London Heathrow Airport (LHR) demonstrate that 
oncentrations of NO x can be affected by operational factors 
uch as take-off weight and aircraft thrust setting ( Masiol and 

arrison, 2015 ). In the case of aircraft emission modeling,
ong et al. (2015) investigated the impact of aircraft emis- 
ions on O 3 concentrations in the vicinity of three interna- 
ional airports with Weather Research and Forecasting (WRF) 
nd the Community Multiscale Air Quality (CMAQ), and a no- 
iceable impact on the concentrations of O 3 and NO x was de- 
ected. CMAQ modeling results by Unal et al. (2005) indicate 
hat the maximum impact of aircraft activities at Hartsfield–
ackson Atlanta International Airport (ATL) can be as high as 
6 ppb hourly, while a national-scale estimate shows that LTO 

missions contributed 0.05% (3.2 ng/m 

3 ) to the total PM 2.5 in 

he U.S. in 2005 and this would be 0.20% (11.2 ng/m 

3 ) in 2025
 Woody et al., 2011 ). Additionally, statistical models were also 
sed to quantify the aircraft and airport related emissions on 

ocal air quality on the basis of measured air pollutant concen- 
rations. For instance, Carslaw et al. (2006) identified that air- 
ort operations of LHR contributed approximately 27% of the 
nnual mean NO x at the downwind airfield boundary. How- 
ver, all these studies were implemented under “normal run- 
ing” of airports, none have initiated a straightforward obser- 
ation of aircraft activity impact under specific conditions, e.g.
 complete airport closure. 

In December 2019, an outbreak of atypical pneumonia oc- 
urred in Wuhan, Hubei province, China, which was later 
dentified to be caused by a novel coronavirus, named af- 
er severe acute respiratory syndrome coronavirus 2 (SARS- 
oV-2). The World Health Organization (WHO) characterized 

he coronavirus disease 2019 (COVID-19) as a “pandemic”
 WHO, 2020 ). Till today, the ongoing global pandemic remains 
he most significant health concern. To contain the spread 

f COVID-19, China adopted unprecedented nationwide in- 
erventions, including the quarantine of the whole Wuhan 

ity ( Xinhua Net, 2020 ). All the road and railway traffic to
nd from Wuhan were suspended, the airport in Wuhan was 
lso closed since 10 o’clock of January 23 2020. Meanwhile,
hanghai launched the first-level response to major public 
ealth emergencies on 25 January. Due to the strict controls 
n travel and large-scale quarantine, an abundance of flights 
o and from Shanghai Hongqiao International Airport (SHA) 
ere cancelled. 

The closure of Wuhan Tianhe International Airport (WUH) 
esulted in flight-ban at WUH (only an extremely small 
mount of cargo and medical personnel flights) and suspen- 
ion of related airport activities (e.g., ground service equip- 
ent (GSE), auxiliary power unit (APU)). SHA also saw a signifi- 

ant reduction in aircraft activities. Decline in emissions from 

ircraft activities and other airport related sources thus could 

easonably be expected at airport WUH and SHA. The closure 
f a major international airport and a tremendous drop in 

ights for a duration of over two months are extremely rare,
nd as such represent a unique opportunity to investigate the 
ffect of airport emissions on the near-field air quality. 

This study initiates a novel perspective on the impact of 
OVID-19 related lockdown, from the perspective of reduced 

ircraft activities on air quality. We applied a series of statisti- 
al tools to analyze the air pollutant concentrations measured 

t airport WUH and SHA before and during the airport clo- 
ure (WUH) and significant flight reduction (SHA). Both mea- 
uring sites are located in the close vicinity of the airports. The 
ain objectives of this study are: i) investigating the potential 

ources of air pollutants; ii) identifying the difference between 
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Fig. 1 – Map of the study areas depicting the measuring stations at SHA (upper) and WUH (lower). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

long-term trends of air pollutant levels and those during the
COVID-19 outbreak; iii) revealing the dependence of air pollu-
tant concentrations on aircraft movements, to recognize the
impact of aircraft activity on the air quality in the vicinity of
airport. 

1. Methodology and material 

1.1. Location and study data 

The airport WUH is situated in the north of Wuhan, approx-
imately 25 km from the city center. In 2019, WUH represents
the 13th largest airport in China in terms of aircraft activity,
increasing by 8.2% compared to that of 2018, while the SHA is
the 10 th largest in aircraft movement ( CAAC, 2020 ). 

Air pollutants including NO 2 , SO 2 , CO, O 3 , PM 2.5 and PM 10

were measured at the monitoring station of WUH managed by
Wuhan Ecological and Environmental Bureau. The measuring
site at WUH is approximately 950 m north of the runway that
situated in the west of the airport complex. A map of the
measuring station is depicted in Fig. 1 . While the measuring
site of SHA is located on the boundary of the airfield and
approximately 400 m from the runway. The locations of
the SHA and the measuring station of SHA are detailed in
Xu et al. (2020b) . At the measuring site of SHA, NO x , NO, NO 2 ,
SO 2 , CO, O 3 , PM 2.5 and PM 10 were measured using automatic
instruments according to regulations issued by the Ministry
of Environment and Ecology ( MEE, 2018a , b ). Quality assurance
(QA) and quality control (QC) procedures follow the principles
of the National Ambient Air Quality Urban Monitoring Net-
work Management. BC is additionally measured at SHA using
an AE-31 aethalometer by Magee Scientific Company. Taking
into account the health effect of aircraft and other airport
related emissions, the BTEX (1,3-butadiene, benzene, toluene,
ethylbenzene, styrene, o-xylene, m, p-xylene) levels are also
monitored via the AMA GC 5000 BTX online gas chromato-
graph, which was developed for continuous monitoring of
organic pollutant (in the range of C4-C12) levels in ambient air
on the basis of EU guideline 2002/3/EC, the VDI guideline 2100
and the guidelines of the Technical Assistance Document
EPA/600-R-98/161 of the American Environmental Protection
Agency ( AMA, 2010 ). The AMA GC 5000 BTX analyzer has been
configured, calibrated and the system has been specifically
equipped according to the measurement requirements of
SHA. The measuring stations at SHA and WUH are affected to
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Table 1 – Characteristics of measuring stations: name and acronym, location, analyzed pollutants and periods of data 
availability. 

Site Acronym Location (longitude, 
latitude) 

Analyzed species Date period 

Shanghai Hongqiao 
International Airport 

SHA 31.218, 121.328 PM 2.5 , PM 10 , NO, NO 2 , NO x , CO, 
SO 2 , O 3 

hourly data for 01/01/2016 – 10/03/2020 

Shanghai Hongqiao 
International Airport 

SHA 31.218, 121.328 BC, 1,3-butadiene, benzene, 
toluene, Ethylbenzene, styrene, 
o-xylene, m,p-xylene 

hourly data for 01/01/2018 – 10/03/2020 

Wuhan Tianhe 
International Airport 

WUH 30.807, 114.216 PM 2.5 , PM 10 , NO 2 , CO, SO 2 , O 3 daily averages for 10/09/2019 – 03/03/2020, 
5-minute data for 22/01/2020 – 23/01/2020 
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ifferent degrees by the airport activities, as previous studies 
epicted that airport operations have an impact range of a 
ew kilometers on NO x concentrations ( Carslaw et al., 2006 ) 
nd ultrafine PNCs ( Hudda et al., 2018 ). 

Weather variables including wind direction, wind speed,
tmospheric pressure, air temperature and relative humidity 
RH) for SHA and WUH were provided by the Meteorological 
enter of East China Air Traffic Management Bureau and de- 
ived from the China Meteorological Data Service Center, re- 
pectively. 

Another key dataset used in this study is the information 

n aircraft take-offs and landings at SHA and WUH. These 
ata were provided by the Feiyou Technology Co., Ltd., which 

nclude the date and time of departure/arrival, whether the 
ircraft was arriving or departing, the type of aircraft e.g. Boe- 
ng 747, the destination and origin. The detailed data from 

eiyou Technology Co., Ltd. were carefully matched with the 
onthly statistic released by Civil Aviation Administration of 

hina (CAAC). The data we obtained representing approxi- 
ately 98% of the aircraft movements, while the remaining 

% are uncommon smaller aircrafts, thus in terms of emis- 
ions such as NO x , the impact of these uncommon smaller 
ircrafts could be extremely slight and neglected given that 
he engine of the unrecorded aircrafts emitting much lower 
mount of pollutants. The aircraft activity data of SHA and 

UH are summarized in Figure S1 to Figure S4. 

.2. Statistical method 

he monitoring station names, acronyms, geographic coordi- 
ates, the measured pollutants and the periods of available 
ata are summarized in Table 1 . Preliminary data process- 

ng and cleaning were implemented to check the outliers 
nd abnormal records of the dataset. The R version 3.6.2 
 R Core Team, 2019 ) and a series of packages, including “Ope- 
air” ( Carslaw and Ropkins, 2012 ; Carslaw, 2019 ) were applied 

o analyze the measured data of SHA and WUH. 

. Results and discussion 

.1. Polar plot analysis 

olar plots depict the joint variation of the concentration of 
 pollutant with wind speed and wind direction, which have 
een proved as a significant analyzing instrument in identi- 
ying and characterizing the potential sources of air pollution 

 Carslaw et al., 2006 ; Carslaw and Ropkins, 2012 ; Grange et al.,
016 ). Polar coordinates essentially map the pollutant concen- 
rations with wind speed and direction as a continuous sur- 
ace that are highly useful in providing directional informa- 
ion concerning the source type and characteristics as well as 
he wind speed dependence of concentrations ( Carslaw et al.,
006 ; Jones et al., 2010 ), e.g., dispersion characteristics, street 
anyons ( Tomlin et al., 2009 ; Carslaw and Ropkins, 2012 ) and
irport emission sources ( Carslaw et al., 2006 ; Masiol and Har- 
ison, 2015 ) Carslaw et al. (2006) . identified aircraft plumes on 

he basis of wind speed dependence upon NO x concentra- 
ions. 

Figures 2 and 3 show the polar plots of monitored species 
t SHA and WUH, respectively. Concentration and meteoro- 
ogical records of SHA were filtered, and only data for hours 
f a day mostly affected by airport activities, i.e. between 7:00 
nd 22:00, were used for the polar plot analysis. From Fig. 2 , a
ew interesting features of measured species can be perceived.
irstly, high NO concentrations occurred under very low wind 

peeds from almost all wind directions, but there is an evi- 
ent increment in NO concentrations as the wind came from 

outheast (corresponding to the direction of airport), north- 
ast and northwest. NO x concentrations are also found to be 
ighest under low wind speed, but particularly in wind direc- 

ion of southeast, northeast and northwest, while the highest 
O 2 concentrations were recorded in wind direction of south- 
ast, northeast and northwest under wind speeds of smaller 
han 5 m/s. This could be totally expected because the air- 
ort is located to the southeast of the measuring station and 

nly 400 m away. And there is also an apparent indication of 
ources to the northeast and northwest. As the wind speed 

nhanced from any direction, the concentrations of NO 2 , NO 

nd NO x show a decrease, and the lowest concentrations are 
bserved under the highest wind speed in the wind direction 

f east. Secondly, the concentrations of PM 2.5 , PM 10 , SO 2 and 

O were also highest under low wind speeds of less than 5 
/s, but dominantly in the direction of northwest. It is worth 

oting that in the direction of southeast, high concentrations 
f SO 2 in a range of wind speeds and high CO concentrations 
nder high wind speeds (10-15 m/sec) are also depicted by the 
olar plot coordinates. On the contrary, the lowest concentra- 
ions of O 3 were under very low wind speed, which is differ- 
nt from other pollutants, while the highest concentrations of 
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Fig. 2 – Bivariate polar plots for measured air pollutants at SHA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O 3 were in the direction of south to west under wind speeds
around 5 m/s. For BC, high concentrations were observed in
the wind direction of northwest, however the highest concen-
trations were observed under high wind speeds (higher than
10 m/sec) in the direction of SHA. In the case of BTEX concen-
trations, the polar plot coordinates suggest a possible major
source in northwest, as the concentrations of all BTEX species
were highest under wind speeds below 5 m/s, and dominantly
in the direction of northwest. The lowest BTEX concentrations
were presented under high wind speeds in the wind direction
of east. 

With regard to the variations of air pollutant concentra-
tions by wind direction and wind speed at WUH, it is interest-
ing to note that the NO 2 concentrations were highest under
very stable atmosphere (wind speed within 1 m/s), and were
particularly observed in the southeast, corresponding to direc-
tion of airport WUH, as presented in Fig. 3 . The highest con-
centrations of PM 2.5 and PM 10 appeared under the wind speed
range of 1-3 m/s in the wind direction of northeast and south-
east, while there is an apparent increasing in SO 2 , CO and O 3

concentrations when wind speeds were around 2 m/s, partic-
ularly in the southeast. The concentrations of measured pol-
lutants at WUH decreased with increased wind speed and the
lowest concentrations appeared in the north. 

On the basis of the polar plot analysis above, it can be
concluded that both SHA and WUH can be identified as a
major contributor of nitrogen oxides. This could be entirely
expected, as many previous studies have revealed that aircraft
operations lead to increase in local nitrogen oxides concen-
trations ( Carslaw et al., 2012 ; Masiol and Harrison, 2015 ).
However, the O 3 concentrations show no distinct direction-
ality in its source locations. The reason can be that O 3 is a
secondary photochemical air pollutant. The formation of O 3

is subjected to solar radiation and its precursors, i.e., NO x and
VOCs ( Sillman, 1995 ). The chemical mechanism of O 3 produc-
tion and the relationship between O 3 and its precursors are
complicated ( Wang et al., 2017 ) and an important feature of
O 3 production is that the dependence of O 3 production on its
precursors is highly nonlinear ( Zhang et al., 2008 ). O 3 concen-
trations could also be affected by the dispersion and transport
effect, consequently, the O 3 concentrations may be related to
other sources of precursors in long distance. The formation
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Fig. 3 – Polar plots for measured air pollutants at WUH. 
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f O 3 in the vicinity of airport and the association between 

 3 production and airport operations deserves further 
nvestigation. 

.2. Long-term trends analysis 

he concentrations of air pollutants measured at SHA in long- 
erm trends were analyzed. A plot of monthly concentrations 
ith smooth line fitted and the 95% confidence intervals of the 
t were generated. The smooth line is essentially established 

n the basis of Generalized Additive Modelling with “mgcv”
ackage ( Carslaw, 2019 ). An indication of the overall trend on 

 monthly basis was determined by deseasonalizing the data 
sing the “stl” function. The results are summarized in Fig. 4 .
he smooth lines in Fig. 4 represent the long-term trends of 
ir pollutants concentrations at SHA, while the bands along 
ith the smooth lines indicate the 95% confidence intervals 
f the fits. 

In general, seasonal and weekly fluctuations of PM 2.5 , SO 2 ,
O, O 3 and BTEX concentrations can be observed (detailed in 

igure S5 and Figure S6), but an apparent decrease in PM 10 ,
O x , NO 2 and SO 2 concentrations in 2020 was shown by the 

mooth lines, while the concentrations of O 3 saw a slight in- 
reasing trend. BC shows an even dramatic drop in 2020. To 
ontain the spread of COVID-19, Shanghai launched the first- 
evel response mechanism for major public health emergen- 
ies on 25 January 2020, and the impact of COVID-19 related 

ockdown on airport activity became evident in February. The 
umber of landed and departed flights at SHA diminished sig- 
ificantly by 65.6% and 67.7% compared to the same month 

n 2018 and 2019 as shown Figure S1, respectively, resulting 
n a considerable reduction in NO x , NO 2 , NO, PM 2.5 and PM 10 

evels by 51.7%, 38.3%, 73.7%, 20.2% and 33.4% compared to 
hose in 2018, and 45.1%, 17.4%, 22.4% and 22.1% in 2019, re- 
pectively. During the COVID-19 lockdown (25 January 2020 to 
0 March 2020) period, the aircraft movements saw a dramatic 
eduction by 58.6% and 61.4% compared to those in the same 
eriod of 2018 and 2019, correspondingly, a notable decrease 

n the concentration of monitored species was observed, e.g.,
TEX decreased by 34.8% to 68.7% and 31.6% to 61.9%, com- 
ared with those in the same period of 2018 and 2019, respec- 
ively. The main sources of BTEX species are fuel combustion 

n vehicle engines, fossil fuel burning, petroleum refining and 

torage, surface coatings, and use of solvents ( Alyuz and Alp 

014 ; Dumanoglu et al. 2014 ; Hien et al. 2014 ). However, studies 
ave shown that in the urban environment, fuel combustion 

epresents the most important source. It has been reported 

hat no more than 5-10% of the BTEX emissions in ambient air 
riginate from non-automobile sources, and thus BTEX can be 
sed as a proxy for traffic intensity ( Bolden et al., 2015 ). Several 
tudies have also demonstrated that airports are a “hotspot”
or BTEX due to a variety of fuel-related activities ( Amini et al.,
017 ; Jung et al., 2011 ). Thus, the reduced BTEX concentrations 
re reasonably correlated to declined aircraft activities. Addi- 
ionally, the B/T ration (benzene to toluene) during the same 
eriod of lockdown in 2018 and 2019 were 0.44 and 0.55, which 

re comparable with those of other airports with 0.40 and 0.57 
 Jung et al., 2011 ; Yang et al., 2018 ). However, during the lock-
own period in 2020, the B/T ration is 0.93, which may suggest 
hat the air quality is affected by the long-range transport of 
ollutants that has been photochemically degraded by the OH 

adical rather than by fresh local emissions that are rich in 

oluene ( Beyer et al., 2003 ). 
NO x , NO 2 and NO diminished by 55.8%, 44.1% and 76.9% 

hen comparing with those in the same period of 2018, and 

0.4%, 33.3% and 59.4% in the same period of 2019. As con- 
luded in the polar plot analysis, airport activities can be a 
ajor contributor of NO x concentrations at SHA, the reduction 
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Fig. 4 – Long-term trends of air pollutants concentration levels at SHA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in nitrogen oxides concentrations was highly correlated to
the decrease of aircraft movements and related airport opera-
tions. A Pearson analysis also shows strong statistical associ-
ations between the decreased level of nitrogen oxides concen-
trations and decline in aircraft movements, as shown in Table
S1. Decreased concentration of NO x and NO 2 under flight-ban
at London Heathrow Airport during the eruption of Eyjafjalla-
jökull was also observed ( Carslaw et al., 2012 ). A general de-
crease is also observed in the concentrations of other pollu-
tants, such as PM 2.5 , PM 10 , BC, CO and SO 2 . However, on the
contrary, a perceptible increase in the O 3 concentrations dur-
ing the COVID-19 lockdown was observed, which leveled off
by 15.6% and 18.4%. The mean O 3 concentration in February
2020 was 6.6% and 10.1% higher than that in February of 2018
and 2019, respectively. 

A long-term trend analysis of air pollutant concentrations
at WUH was not performed, because the measuring site at
WUH was not in operation until September 2019, and the
smooth trend is commonly used to determine the trends over
several years ( Carslaw, 2019 ). Instead, the basic line plot func-
tion was applied. Figure S7 and 5 show the time series for
all the measured air pollutants and the comparison of pollu-
tant concentrations and aircraft movements during the same
hours before (22 January 2020) and right after the suspension
of WUH (23 January 2020). From Figure S7, an evident reduction
in NO 2 concentrations since the closure of WUH can be ob-
served, while the O 3 level was low in winter times, but shows
an increasing trend since the closure of WUH. The aircraft
movements in January and February 2020 at WUH reduced by
17.3% and 95.1% compared with that in December 2019, and
only 85.3% and 5.0% of the monthly mean number of flights
over the last 24 months (2018 and 2019), as depicted in Fig-
ure S3. As a result, the NO 2 concentrations saw a dramatic
decrease by 61.2% and 87.9%, and considerable reduction in
SO 2 , PM 2.5 and PM 10 concentrations were also perceived. In
contrast, the level of O 3 increased by 9.2% and 46.4%. Figure 5
depicts the comparison between aircraft activity and the con-
centration of measured air pollutants on a 5-minute basis be-
fore and right after the closure of airport WUH. Aircraft activ-
ity saw a dramatic fall by 84.3% and dropped to 0 at 23 o’clock
on 23 January 2020. The air pollutant concentrations on 22
January 2020 were evidently higher than those on 23 January
2020, NO 2 , SO 2 , CO, PM 2.5 and PM 10 decreased by 77.3%, 8.2%,
10.8%, 29.5% and 23.9%, respectively, while O 3 concentration
was higher on 23 January 2020 till around 15:00 than that on
22 January 2020, but lower afterwards. The unprecedented clo-
sure of airport WUH has an evident impact on the concen-
tration of air pollutants and this effect has dropped the NO 2

concentration even to near zero. As also has been observed
at Gatwick Airport and Heathrow Airport that local NO 2 has
fallen to zero or near zero during the eruption of Eyjafjalla-
jökull in April 2010 ( Barratt and Fuller, 2010 ). 

An increase in O 3 concentrations at both SHA and WUH
was observed during the COVID-19 lockdown. Studies con-
cerning the formation of O 3 show that the local O 3 formation
is VOCs-limited in Wuhan ( Zeng et al., 2018 ) and Shanghai
( Xing et al., 2017 ; Ran et al., 2009 ; Cai et al., 2010 ; Tan et al.,
2019 ), and a VOCs to NO x ratio of no higher than 0.73 could be
conducive to the O 3 pollution mitigation in Wuhan ( Zeng et al.,
2018 ). Song et al. (2015) demonstrates that area in the vicinity
of airports VOC-limited. However, emission estimates for
various airports have shown that aircraft operations during
LTO emit significantly more NO x than HCs ( Unal et al., 2005 ;
Kesgin, 2006 ; Stettler et al., 2011 ; Xu et al., 2020a ), which can
also be observed from the reduction rate of NO x and BTEX con-
centrations during the COVID-19 lockdown as depicted above.
During the closure of WUH and travel restriction at SHA, more
NO x emissions than VOCs emissions were reduced, resulting
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Fig. 5 – Comparison of pollutant concentrations and aircraft 
activity during the same hours before (22 Jan 2020) and 

right after the closure of airport WUH (23 Jan 2020). 
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n higher VOCs-NO x ratio, which then strengthens the O 3 

eneration. The fresh exhausted NO emissions consume O 3 

ocally ( Solberg et al., 2005 ; Molina et al., 2009 ). Aircraft and
PU nitrogen oxides are predominantly emitted in the form 

f NO ( Stettler et al., 2011 ) and the O 3 titration occurs partic-
larly in winter times under high NO x levels ( Sillman, 1999 ),
hus a lower titration of O 3 by NO due to strong reduction 

n local NO x emissions ( Sicard et al., 2020 ) may promote the
ncrease in local O 3 concentrations during airport closure.
dditionally, higher solar radiation due to lower PM 2.5 and 

M 10 concentrations ( Murphy et al., 2007 ; Wolff et al., 2013 ) in
he vicinity of WUH and SHA during the COVID-19 lockdown 

ay also favor the O 3 formation. Furthermore, the long-range 
ransport of O 3 precursors, such as VOC species, that has 
een photochemically degraded by the OH radical, may cause 
hanges in VOCs emissions and thus impact the O 3 formation.

.3. Scatter plots analysis 

catter plots are extremely effective analyzing technique and 

an be used for examining the correlations between variables 
 Carslaw, 2019 ). The scatter plot analysis provides a straight- 
orward demonstration of how two variables are related to one 
nother on the dependence of a third variable. Here we applied 

he scatter plot function in “openair” to investigate the tempo- 
al variation of air pollutant concentrations before and during 
he COVID-19 lockdown depending on aircraft movements at 
HA and WUH. Figure 6 depicts the hourly concentration of 
O, NO 2 and NO x under various aircraft movements at SHA 

or the period of 1 January to 31 March of 2018 and 2019, and 1
anuary to 10 March 2020, respectively. Dates and concentra- 
ion levels were handled on the x-axis and y-axis, respectively,
hile the number of hourly flights was coded as a color scale 

hown to the right. The concentration data of NO, NO 2 and 

O x at SHA were filtered and only the data during the hours 
f intensive aircraft activity and downwind of the airport were 
onsidered in the scatter plot depiction. As such, a straight- 
orward demonstration of the aircraft activity impact on the 
oncentration of air pollutants can be seen. 

As shown in Fig. 6 , a significant distinction between the 
istribution of scatter plots for 2018 and 2019, and that for 
020 is observed. The scatter plots demonstrated for 2020 
an be evidently divided into two groups, one of the groups 
re colored in blue, green and light yellow, indicating lower 
ircraft movements, and obviously on the days during the 
OVID-19 lockdown policy on the right side of the figures,
hile plots before the lockdown policy are in red and dark- 

ed, and positioned in upper zone of the figures, suggest- 
ng higher level of aircraft activity and concentrations. In 

ontrast, a clear division in the distribution of the scatter 
lots for 2018 and 2019 cannot be observed. The average con- 
entrations of NO, NO 2 and NO x scatter plots during lock- 
own were 78.0%, 47.9%, 57.4% and 62.3%, 34.8%, 41.8% lower 
han those during the same period for 2018 and 2019, re- 
pectively. Studies have shown that aircraft and APU nitro- 
en oxides are predominantly emitted in the form of NO 

 Stettler et al., 2011 ; Xu et al., 2020a ). This explains the largest
rop in NO concentrations. BTEX and other air pollutants 
lso saw a significant reduction in concentration levels as 
hown in Figure S8, e.g., PM 2.5 diminished by 21.5% and 48.4% 
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Fig. 6 – Scatter plot of date vs. nitrogen oxides at SHA by different levels of aircraft activity before and after the COVID-19 
lockdown in 2020 and those during the same period of 2018 and 2019. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

compared with those for 2018 and 2019, respectively. How-
ever, O 3 level increased by 11.1% and 25.9%, when the aver-
age hourly number of flights decreased by 66.4% and 66.8%.
This may suggest that decreased aircraft activities contribute
to elevated level of O 3 concentrations due to reduction in NO x

emissions. 
From Fig. 7 , the dependence of NO 2 , PM 2.5 , PM 10 , SO 2 , CO

and O 3 concentrations upon the aircraft operations at WUH
before and during the airport closure is depicted. Daily con-
centration averages of air pollutants and aircraft movements
were used for generating the scatter plots for WUH. The dis-
tribution of scatter plots for NO 2 and O 3 of WUH is similar
to that of SHA. A clear division of the scatter plots is ob-
served. When comparing the concentration averages of the
SO 2 , NO 2 , PM 2.5 , PM 10 , CO and O 3 scatter plots before (1 Jan-
uary 2020 to 22 January 2020) and during the closure of WUH
(23 January 2020 to 3 March 2020), the average concentra-
tion of NO 2 , PM 2.5 , PM 10 , CO during the airport closure were
79.3%, 28.4%, 32.4% and 21.5% lower than those before the
closure of WUH, while a significant increase in O 3 concentra-
tions by 50.0% under an unprecedented fall of aircraft move-
ments by 95.2% during the closure of WUH was observed. Ta-
ble S2 shows the correlations between individual air pollu-
tant and aircraft activity. NO 2 , PM 2.5 , PM 10 and CO concentra-
tions were positively correlated with aircraft activity, while O 3

concentrations show a negative correlation. A strong correla-
tion between NO 2 concentrations and aircraft activity can be
found. 

Restrictive measures in confining the COVID-19 pandemic
contributed significant decline in greenhouse gas (GHG) and
air pollutant emissions. Early estimates suggest that global
GHG will decrease by 6% in 2020 compared to that in 2019,
representing the largest fall since World War II ( Stoll and
Mehling, 2020 ), while air pollutant, such as NO 2 , saw a steep
fractional reduction by 93% at the peak of the COVID-19
outbreak in Wuhan ( Le et al., 2020 ). The decline in aircraft
activity at SHA and WUH is a microcosm of the decline in
the global civil aviation that a lot of regions experienced a
huge decline of more than 90% ( IEA, 2020 ). Correspondingly,
aviation emissions saw a significant decrease, e.g., GHG
emissions declined by 74% during the early lockdown period
( Stoll and Mehling, 2020 ) and reduction in air pollutant levels
(NO x , PM 2.5 , etc.) as demonstrated in this study. Aviation
plays a problematic role for climate change, air quality and
human health ( Chen and Sun, 2018 ; Lee et al., 2021 ), but the
industry didn’t react at the proper level on reducing emis-
sions ( Vaughan, 2020 ), and the probability of achieving all the
environmental targets for aviation industry is extremely low
( Hassan et al., 2018 ). Against this background, the COVID-19
pandemic may represent an opportunity to critically recon-
sider global aviation development and sustainability. Results
in this study could be an implication of cleaner airport
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Fig. 7 – Scatter plot of date vs. measured air pollutant concentrations at WUH by different levels of aircraft activity before and 

after the COVID-19 lockdown in 2020. 
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peration. However, on the other hand, reduction in air pol- 
utant emissions may not ensure direct improvement of air 
uality. The emissions-meteorology interactions ( Mao et al.,
019 ), highly nonlinear ozone chemistry ( Levy et al., 2014 ) may 
ontribute significantly to air pollution even under marked 

mission reductions. The promoting effect of high humidity 
n aerosol heterogeneous chemistry, stagnant airflow and de- 
rease in planetary boundary layer (PBL) height, facilitate pos- 
tively the formation of secondary aerosol, while decrease in 

O emissions removes the ozone titration leading to increase 
n ozone under reduction of NO x ( Levy et al., 2014 ); increased 

zone further enhances the atmospheric oxidation capac- 
ty and facilitating again the secondary aerosol generation 

 Le et al., 2020 ). Therefore, as observed in this study, decreased 

ircraft activities contributed to reduced nitrogen oxides con- 
entrations, but amplified O 3 pollution in the airport vicinity.
ther studies have also revealed unexpected air pollution 

nder remarkable emission reductions during COVID-19 
ockdown period in China and other regions ( Le et al., 2020 ; 

ang et al., 2020 ; Adams, 2020 ). The key mechanism be- 
ween aviation emissions and air quality deserves further 
nvestigation. 

. Conclusions 

his study provides some indications of the impact of a spe- 
ific emission source - airport activities, upon local air quality,
rom an unprecedented intervention by the COVID-19 epi- 
emic, which has resulted in closure of airport WUH and sig- 
ificant reduction in aircraft activities at airport SHA. The clo- 
ure of a major international is extremely rare, thus this study 
nitiates a novel perspective on the impact of COVID-19 related 

ockdown on the air quality, from the perspective of reduced 
ircraft activities. The main results can be summarized as 
ollows: 

The polar plot analysis has highlighted the variations in 

he concentration of measured air pollutants with wind speed 

nd wind direction at SHA and WUH. Aircraft and airport re- 
ated emissions can be identified as major impact factor of ni- 
rogen oxides. From the long-term trend analysis, an evident 
istinction between the concentration level on the long-term 

asis and those during the COVID-19 outbreak is observed,
nd a general decrease in the concentration of all pollutants 
except O 3 ) is depicted. NO x , NO 2 and NO at SHA diminished
y 55.8%, 44.1% and 76.9% when comparing with those in the 
ame period of 2018, and 40.4%, 33.3% and 59.4% of 2019. While 
t WUH, the NO 2 concentrations saw a dramatic decrease by 
1.2% and 87.9% in January and February compared with that 
f December 2019, when the aircraft movements reduced by 
7.3% and 95.1%, respectively. The concentration levels of NO 2 ,
O 2 , CO, PM 2.5 and PM 10 decreased by 77.3%, 8.2%, 10.8%, 29.5% 

nd 23.9%, respectively, right after the closure of WUH on 23 
an 2020, when compared with those at the same hours on 22 
an 2020. Additionally, the distribution of scatter plots for both 

HA and WUH depicts an evident distinction before and after 
he COVID-19 lockdown. It is shown that the concentration av- 
rages of NO, NO 2 and NO x scatter plots after lockdown policy 
ere 78.0%, 47.9%, 57.4% and 62.3%, 34.8%, 41.8% lower than 

hose during the same period for 2018 and 2019 at SHA, re- 
pectively. At WUH, the average concentration of NO 2 , PM 2.5 ,
M 10 , CO after the airport closure were 79.3%, 28.4%, 32.4% 

nd 21.5% lower than those before, and a Pearson analysis 
hows that NO 2 , PM 2.5 , PM 10 and CO concentrations were sig- 
ificantly positively correlated with aircraft activity. However,
 3 level increased by 11.1% and 25.9% when the average hourly 
umber of flights decreased by 66.4% and 66.8% at airport SHA,
espectively, while a significant increase in O 3 concentrations 
y 50.0% under an unprecedented fall of aircraft movements 
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by 95.2% after the closure of airport WUH was observed. These
results depict that reduction in aircraft activities contributes
to mitigation of NO x pollution in the airport vicinity, but en-
hanced level of O 3 concentrations, which may be attributed
to lower titration of O 3 by NO under strong reduction in NO x

emissions. 
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