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Abstract

Covid-19 pandemidorced many countries to impose nationwide lockdowndotrol the
infection rateandas part of lockdown measurgeople mobity and ecanomicactivities got
restricted Amongstall the damagecaused by lockdowmeasuresconversly, it improved the
air quality,andamajorreduction wasbservedn NO, concentation which was directly linked
to anthropogenic activitiesThis study aims to selectively assess the reduction of NO
concentation aiound Europ@ndmake acomparativeanalysidbetweersatellite sensor dats a
well asgroundstationmeasurementsn aSpatio-temporalscale between two sets of similar
periods from 2019 and 2020 (lockdown and goskdownphase} 15 regionghatemerged
as hotspots in 2018entinet5P TropospheridNO2 column numbe densityimagey was
selected to investigate 2020 if air gquality has improvediue to lockdownThe study results
confirmedthat in the Lockdown phase the ITC4 region achieved 51% of NQ@eduction
followed by 39% in FR137% inthe ES30 regiorand 34% irthe UKI region, whereasin the
PostLockdownPhasainderlockdowneasingneasurethe NQ level began turning up again,
however, when compared to the N€oncentration of 2019, UKI gained 33% reduction
followed by 22% in NL3218% in the UKDand17% in BEZ overall the air quality improved
due to lockdown measuradich may have linked teesticted trafic andeconomic practices
Despite the considerabledwection in NQ concentrationthere is a need to look at associated
pollutants and otheneteorologicafactors which could have influencetie study concluded
thatthisair qualty improvement is temporary aridr aneverlasting solutiofpolicies towads
environmental protectioneedto beevaluate which requiresustainable approacha@ndstrict

actions
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1.Introduction;

Covid-19 which was declared as a pandemic ofi Whrch 2020 by World Health
Organization (WHO) forced many countries around the globe to impose a national lockdown
to curtail the infection rate among their peofil¢. As part of lockdown measures, many
production and consumption activities were significantly reduced, people mob#isy w
restricted, bbong with manysmall businessedransport, industrial and construction sectors
were badly affec[2], [3]. Among all the havoc caused by the Cedftlpandemic lockdown
on the social and economic well besngf the people, it has also brought some positive effects
in improving the air quality under strict lockdown conditions and the differences were
prominent in those areas which were previously known for their worst air quality level e.g.
heavily industriaked cities of Ching4]. Lockdown turned out to be an environmental
experiment on a global scale that how quickly the air quality can be improved by minimizing
the anthropogenic sources of pollution .e.gad transport, industrial combustion and

powerhousefb], [6].

According to WHO around 7 million people die on yearly basis due to prolonged
expogsire to pollutants in the atmosphere and air pollution is considered a silent killer which
causes heart diseases, lungs and respiratory diseases and [¢anErre to lockdown
measures, human activity waignificantly reduced which showed a reduction in air pollution
associated with anthropogenic sources, especially NO2 which is linked to human af8lyities
[9]. Several studies have highlighted the importance of estimating theleN€@ in the
atmosphere due to its ability to generate Particulate matters (PM2.5) and Ozpardi®
correlation to road transport and combustion souft@f [11]. The main source of NO
emission in Europe is road transport, consequently under strict lockdown road transport was
decreaseavhich researchers find an opportunityewealuate the improvement in air quality
based on N@level in the citieg11].

Atmospheric pollutants data can be derived frgmoundbased stationand satellite
measurementground stationprovide NQ measurements at the local level kagk spatial

coverage which couldarry uncertaintiesvhile satellitebased remote sensingoprdes NQ
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data at the global scale to evaluate the>N@ncentrations wittreliable Spatictemporal
coveragg9], [12]. In the past, OMI, MODIS, and MIR satellite sensors were used by many
researchers to measure Nllution, but since October 201 &inel 5P mission by the ESA
Copernicus program has transformed the air quality monitoring data collection and its
TROPOMI sensordata are alreadgssessethy many studies concerning earth observation
[13].

A covid-19 crisis with restricted human activity, limited transportation and economic
growth could have prevented the further escalation of piflution level in the atmosphere
around us and the provision of earth observation data through the SERITRIOPOMI
sensor ld us to formulate the thesis project idea whether and to which degree we can observe,
monitor, collect and analge Spatietemporal distribution of TropospheritlO, data.
TROPOMI sensor with Tropospheric N@olumn number density data iecdies traffic,
industrial combustion and powerhouses emissions which could help to mapt8paiaral
changes in lockdown and pdetkdown period and modern tools like Google Earth Engine
(GEE) makes the analysis much convenient at one platfo8in [14]. These assumptions

guided us to define the main objectives and research question of this thesis project.

1.1 Problem Statement and research questions

There have been speculations as to how the lockdowns arising from the AOVID
pandemic contributed to reducing air pollution and experienciegner air. However, the
main question remaunansweredhetherthere wadess polluted air in those periods and if

so, whether the difference was significant or small

The purpose of this study is took at Sentinel5P TROPOMI data to monitorair
pollution through the Tropospheric N@ level. Our objectivein this studyis to build a
comparative analysisf TropospheridNO. columnnumberdensitybased orthe TROPOMI
databetween two sets of similar periods from 2019 and 2020 (lockdBWwaselphnd post
lockdown(Phase2)

The hotspot regions based on the higher level of Tropospheracdi@entration in

2019 (normal conditions) will be identified and arsag witha possillity of cleanair due to
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lockdown and post lockdown peri@dvioreover the Covid-19 lockdown may have provided
some positive environmental effects due to the limitation of traffic and economic practices. To
evaluate the effect of lockdown on our atplosre the air pollution concerning Tropospheric
NO2 concentratiorwill be estimatedbn aSpatio-temporalscalethrough satellite sensor data

as well asggroundstationmeasurements

Research Question
During the studythefollowing ResearchiQuestionswill be ansvered:

1 What was the impact of theovid-19 Pandemic lockdovaonthe air qualityusing
spacebased and terrestrial obgations when comparing these observaiarmpre
phase ad postphase of lockdowns?

1 How useful is theSentinel5P TROPOMI dat gatheredoy GoogleEarth Engine
(GEE), for air quality monitoring compared to groubdsed observationst a
regional scalanalysi®

1 Doessociety need a lockdown sustainable approachtodeal withthe challenges

of air pollution from anthropogenisourcesn the big cities?

The thesis is structured as follaviirstly, literature focused on the research topic is described.
Secondly, the data collection, processing andoWerall approach adopted to achieve the
project objective will be written and explained. Results and discussion will be followed by a

conclusion with a emphasisf all the research questions are answered.

1.2 State of the art

Air quality changes in th€ovid-19 lockdown grab the researcéeattention around
the world in the early quarter of 2020, and since then lots of research studies emphasized
evaluating the Air quality based on NEbncentrations variations with a comparative analysis
of the lockdowm period (2020) and normal conditions (2019) and they adopted different
methodologies taeport the matter Someof the existing researchn NG, concentration

measurementduring Covid-19 lockdown are listed below:
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Tablel. Existing Research Studies NO2 reduction due to CowitB lockdown[15]

Research Study area Data Methodology Findings
studies
[11] Milan, Paris, Mobility, traffic, meteorology, Descriptiveand London: 71.180.8 %
London and air quality ground data quantitativeanalyss Milan: 8.6- 42.4 %
Paris: 65.7 79.8% reductionin NO,
[16] Global (187 Sentinel 5SFTROPOMIdataset, Machine learning, A decline in NQ s associated with
countries) World air quality index ground descriptiveand internationakravel restriction, not
measurements, cowvtd data guantitative analysis public transport
[6] Barcelonaad = Air quality ground observation Images and descriptive = Madrid and Barcelona showed a 62
Madrid data from 33 ground stations. analysis and 50% reduction in NO

concentrationrespectively.

[9] Paris, Milan, Sentinel 5P dataset TROPOMI | Descriptive quantitative, Reduction of NQwas observed but
Madrid,and dataset, ground sensor and empirical analysis, = other factorsnustbe considered to
Athens measurerents, CAMS data support the findings
[12] India NASA Aura satellite OMI sensor, Images and descriptive = 12.7-15.9% reduction in N©
Visible Infrared Imaging analysis concentration during the lockdown.

Radiometer Suite data
[13] Europe Sentinel 5P dataset TROPOMI | Images, descriptive and = Up to 85% NQreduction in
dataset, grountlased guantitative ad lockdown at a certain time

measurements, economic and ai empirical analysis

traffic data,

[10] Ecuador Sentinel 5P dataset TROPOMI | Images and descriptive = 22.435% NQ reduction in various
dataset, analysis cities of Ecuador

[17] Global World Air Quality Index (WAQI) = Images and descriptive = Overall,42.5% NQ reduction over
data analysis Europe and 33-:303.5% globally.

[18] Global (20 Sentinel 5P dataset TROPOMI  Images, descriptive and NO, reduction was correlated with a

cities) dataset, guantitative analysis decline in traffic volume, up to 60%

Ground monitored air quality reduction was seen in different cities

data, Mobility data.

[19] Munich, Groundbased monitoring Descriptive empirical, 24-36% reduction of N@
Germany stations, temperature, rainind and quantitative analysis concentration at traffic sites and-15
speedhumidity,and airpressure 25% at other places.
data.

Many of the abowvenentioned studies are based on a common idea wheeenfiigasis is on
examining the effects othe Covid-19 lockdown on the air quality concerning NO
concentration in the atmosphere and addressing the issue with different approaches to open

new avenues for further development and research.
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2. Background and Theory

2.1 COVID-19 andAir Quality around Europe
2.1.1COVID-19 andLockdown measures

Coronavirus (Ceid-19) which is known to the world since December 2019 proved to
be an infectious disease that has ta&@77,27ives and infected57,289,11%eople so far
around the worl@20]. On 24" January 2020, Europe reported its first Celicase in France
followed by Germany and later on"8Eebruary 2020 Italy reported clusters of CetRicased
in many regions subsequently cases spread rapidly around the whole of Rljopewas
confirmed that Covidl9 spread due to close human interactions and through respiratory
droplets, which make it inevitable to impose restrictions on human mobility to contain the
further spread of Covid9[4].

As a preventive measure agaitis¢ spread of Covid9 countries started imposing
restrictions on human mobility and declared nationwide lockdowns. Social distancing was
proposed as the most effective approach in reducing the infection rate among people and to
abide by this people wererted to work from home to reduce interactions with people and
gatheringg22]. Countries shut down industrial activities, halted road and air travel and most
of the anthropogenic activities were stopped as a lockdown measure, the industrial
manufacturing and transport sector were gravely affected whighdted the world economy
[23]. Lockdown measures proved to be detrimental to industrial production because of reduced
demand for some products but some industries were experiencing high demand e.g. household

items the overall global economy experienced a dowifi24l).

Covid-19 lockdown set off a negative impact on the socialHaeihg of the people and
the economic development while on the other hand, it has cleaned tfrenerent where we
breathe due to a reduction in many anthropogenic emisgiohs[22]. The environmental
aspect of the Covid9 spreadsows a strong connection to temperature, humidity, wind and
sunlight because of its ability to survive in aerosols for hours so air pollution could also be a
contributing factof25]. Many studies have established that improved air quality is linked to

reduced anthropogenic acti@s and temporary suspension of human mobility not onlyetelp
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to minimize Covid19 infection rate but on the other hasdpporto combat air pollutiof26i
28].

2.1.2 Air Quality and EU standards

Clean Air is inevitable for human existence and the environnterdetermine the
purity of the air we breathe, air quality standardssaggested to keep track of the severity of
pollutants in our surrounding®9]. Air quality standards regulatbe air pollutants level in the
atmosphex and based on that a recommended action can be taken concerning human health
[30]. Air quality in the EU is estimated based orefipollutants data e, gNO2, O3, SO PMao
and PMon an hourly basis from almost 2000 ground monitoring stations around Europe
concentration levels higher than recommended could affect human health and the environment
[31]. Under EU Directive 2008BEU for ambient air pollution adopted by all member states,
there is a legal binding to follow the recommended level ob,N&ke all the necessary
measures or prepare an air quality plan in case of higher concentration level recorded for any
of the abovementioned five pollutants, measurements have to recorded on zonal and
agglomeration basis divided by the member states per terfR8ty Spatial and pollutant
information from these monitoring stations is updated on a timely basis in the European air
quality databasg33].

2.1.3NO,

NO:is a trace gathatabsorls solar radiations and disted@tmospheric visibilitywhich
could have a importantrole in climate changé# its concentration level in thatmosphere
exceeds the recommended val@é]. The transportation sector and powerhouses are two main
anthropogenic emission sources of N&here fossil fukis burnt[35]. NO; is considered
harmful for humarhealth and the environment and recommended by WHO to be monitored
on a routine basis, especially in the Ce4Ricrisis as of its nature to increase the risks of viral
infections [36]. The recommended NGconcentrations by EU and WHO is 200ud/for
hourly observations while the annual recommended levélig/4r [37]. In 2019 twelve EU
member states reported the N€ncentrations above the recommed level which were
mainly from the traffic stations observations, therefore the main focus of EU policies are urban

areas and traffic control and shift to electric vehicles to minimize citizens exposure &mtiO
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CQO. [37], [38]. Several studiegpredicted an improvement in air quality under restricted
mobility and the air quality weamainly liked to the N@sources because of its ability to
disintegrate into Ozone @and Particulate Matters (PM4], [35], [39]. The unexpected
improvement in air quality during lockdown due to reduced fossil fuel emission allow us to
assess the future paies required to convert this temporary air quality gain into a-lasiting

solution[6].

2.2 Atmosphere and Remote Sensing

Satellite remote sensing is proving to be a helpful todhénprovision of air quality
and climate data with high temporal and spatial resolution, which provide global coverage in
a single imagg40], [41]. To keep track of atmospheric parameters like temperature. wind,
pressure, clouds, greenhouse gases and trace gases etc. play an important role in understanding
the overall atrasphere around us due to the interactive ability of all these parameters with each
other and the data is available through satellite, airborne or glmaset! stationg2]. Ground
stations are situated far from each other even though they cover a wide range of area with more
accurate results but the observations are not spatially aliigiiéd[43]. To monitor air
pollutants in theatmosphere, earth observations gained importance in the early 1960 and
currently, satellite observations with high spatial and temporal resolution allow meteorologists
to access the atmospheric data through geostationary anebfdmtarg based satelliteensors
[40], [44].

Satellite data helped the concerning bodies to validate the results obtained from the
ground sensors to maaih the accuracy of predicted values concerning air pollutants
concentrations with the help of GIS techniques to analyse the air ddalitySatellite sensor
estimations are more reliable under extreme events because of their ability to track smoke
transportation ovea global scale which is crucial under ambient air quality assessment and
developing global or regional moddk5]. A range of satellite sensors are used around the
world for measuring air pollutants directly or indirectly in the atmosphere; OditLiment of
AURA satellite, GOME on ERZ , SCI AMACHY on Envisat, MOPI T
Terra satellite, Hyperspectral thermal emi ss
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sensor from NOAA and among the | abPesatdllitei s TR
[46].

2.2.1NO; pollution levelmonitoring from space

NO: is a critical constituent of urban air pollution whidniginate mainly from
anthropogenic sources and the transportation sector is the main perpetrator behind its emission
and apart from ground level monitoring, satellite sensor monitoring is gaining importance since
its ability to provide coverage on a gldisaale and to keep track the level of other pollutants
like ozone (@)and particulate matter (PM) in connection with N@7]. ESAG6s Envi s
observations throughScanning Imaging Absorption Spectrometer for Atmospheric
Chartography (SCIAMACHY)sensor proved back in 2002 that how human activities are
contributing to poor air quality through N@easurements over Europe for a certain period,
areas with insufficient ground measurements, satellite sensor measurements were an effective
approach to @rform analysis on a global scd#8]. During the recent Covid9 pandemic
lockdown when human activities were minimized, estimating air quedityugh saellite-
based N@ measurements could elaborate further the role space monitoring could have in
policymaking to highlight the potential NQlerived hotspots in Europe with Sentiaé&t
TROPOMI sensomwhich is the latest addition by European Space Agency (BESAr

pollutants monitoring

2.2.2 Sentinels5P

The Copernicus SentineP mission which carries the TROPOMI sensor is a
collaborative mission by European Space Agency (ESA), Netherland Space Office (NSO) and
scientists launched on %30ctober 2017, Wwere the major purpose is to monitor the

atmospheric compositions and provide data with high Spatnporal resolutiof49].

The Sentinel5P mission is asingle payload satellite with a TROPOMI sensor and equipped
with four bands covering Ultra Violet (UV) to Short Wave InRad (SWIR)as detailed in
Figurel, 824kmhigh andcan measure air pollutants like N@s, SG and aerosols level in
the atmosphefB0]. Sentinel5P has global coverage with a revisit time of &8, swath
width is 2600km and spatial resolution is up to 7x7[&i], [52].
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Band

Spectral coverage [nm) 270-320

320-495 675-775 2305-2385

Full spectral coverage [nm] 267-332 303- 499 660-784 2299-2390

Spectral resolution [nm] 0.49 0.54 038 0.25

Spectral sampling ratio 6.7 25 2.8 25

Spatial sampling
[km?]

7x28 7x35 7x35 7x7

Figurel- Overview of SentinebP Bandb3]

Sentinel5P products are available in three levels: lévproducts are raw products for-on
ground processing and tasks which are not provided to the public1Bwek geeaeferenced
and corrected while lev&@ products contain all air pollutants columns and their vertical
profiles with cloud information, botlkevel1B and level2 products can be assessed through

Copernicus Open Access H[H3].

Sentinel5P data is available in both offline FBL) or neaireattime (NRTI), offline is
preferred over neareaktime due to its continued availability and quality even though-near
reattime data is available in 3hours after sengfjg Sentinel5P Tropospheric N©column
number density offline data from the TROPOMI sensor isl figethis study because data is
freely and easily available in the designated period of Cboitbckdown and podbckdown

period for the year 2020 in comparison with the same timeframe for the year 2019 under normal

conditions.

2.3 Jatiotemporal dyamics and variations

It has been evident thatr pollution is not confined to one place and individual, it is
dynamic and each individual is exposed to it at a certain level, which highlights the importance
to study the air pollutant concentration variation spatially without borders and tempotally wi
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an extended time frame under the range of variables which can influence the pollutants
behaviou55], [56]. The Spatiecemporal variation of Ne&concentréion is a measure of NO
concentrations which is geeferenced and recorded at a certain time,-liaSed analysis
where reakime data is captured with space and time characteristics is considered Spatio

temporal analysifs7].

Road transport which is the main contributor ofy0llution in the urban areas, their
emission concentration imusy spells of the dagan bemoved furtherand changedunder
various factors, dense urban areas could restrict these pollutant concentrations within the small
area while open spaces could disgeitmore consequently ground monitng stations does
not capture the Spati@mporal variation of pollutant from a local soyff. Spatial and
temporal variation of N@over Europe is investigated in this sgugliring 20192020 normal
conditions, Coviel9 pandemic lockdown and post lockdown periodatalysehe air quality

using satellitebased earth observation data with global coverage.

2.4 Google Earth Engine (GEE)

Google Earth Engine (GEE) is a cloud computing platform which assesses, store and
analyse data from several satellites e.g. Sentinel, Landsat, MODIS etc, collection contain
Climate, Atmosphere, Surface Temperature, Landcover, Terrain, Cropland and other

geophysical datasets which is openly and freely availglg [58].

GEE which was launched by Google in 2010 reduced the burden on researchers to store
a bulk of big data files locally and additionally, it also helped the users to save time in data
pre-processing and formatting with an advantage to assess Earth Observation (EO) data
through the welbased Interactive Development Environment (IDE) and intdrastd

Application Programming Interface (API) available in both Python and Java8et]pf59].

Earth Engine Code Editor, Earth Engine (EE) Explore and Earth Emgimeslapse is are the
main components of Google Earth Engine (GEE)-Wabed IDE which makes it easy for the

users to assess, store and analyse the satellite injaQgry
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Earth Engine Explorer accommodate the user to manage and visualize the available datasets
from several satellites while Ea Engine Timdapse help to combine foulecadesld data

available to visualize how the earth has changed oveflifihe

GEE can process large geospatial datasets with global coverage and desired images can be
sorted or filtered using spatial and temporal settings withoed to download a large number

of images, additionally, a variety of processing techniques or spatial algorithms can be
implemented on data through code edjiat], [61], [62].

The availability of SentinebP data at the GEE platform which is specifically used to
investigate the air pollutants in the atmosphere gaining the resdainterest to use GEE for
air monitoring and climatic studies where Spa@mporal variation of paitants can be

tracked at the global scale with gyeocessed and openly available d&t, [64].

This study adopted the GEE platform to access sefifr@lata and perform analysis tadk
Spatietemporal variation of N@during Covid19 pandemic lockdown using data between
20192020.
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3. Data Collection andMethodology

3.1 Regions and selected periods

Most previous studies have pdefined the study areas and then performed the analysis to
identify the effect of lockdown on air quality in those-gedected areas, but in this study, areas
with higherNO2 concentration levels monitored by Sentinel 5P in 2013aterminedand
analysis is performed at regional basis instead of city lewdlsEh makes this study distinct

from other Covidl9 lockdown related air quality studies by many researcidirsnember

states in European Union are divided into regions based on the NUTS classification, and it is
believed that regional data is more reliable and significant when comes to comparing the
regional statistic$65]. This study was conducted over Europe, which seagerelyaffected

by the Covid19 pandemic, 15 regiotisathostsome of the major cities of central Europere
selected fotheanalysishased orSentinel5P Tropospheric Ngcolumn numbedensitydata

collecteddaily for the period Januaripecember 2019 as shown in the figure below:

Figure2- Regions identified by SentinélP image collections with higher Tropospheric NO2 column number
density andiltered date is January 2019 to December 2019.
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Regions with their countries and NUTS codes as specified by NUTS classificatiomar16

chosen for this studgre listed below:

Table2- Regionscovering the big cities dEU member w@tesand their NUTSlassificationcodeq66]

CNTR_CODE

BE

BE

ES

ES

FR

DK

NL

NL

DE

DE

UK

UK

ECDC_NUTS

BE1

BE2

ES30

ES51

FR1

DKO1

NL32

NL33

ITC1

ITH3

ITC4

DEA

DE7

UKI

UKD

CNTR_NAME

Belgium

Belgium

Spain

Spain

France

Denmark

Netherlands

Netherlands

Italy

Italy

Italy

Germany
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United Kingdom

United Kingdom

REG_NAME
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Brussels Hoofdstede
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Comunidad De Madrid
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lle de France

Hovedstaden

Noord-Holland

Zuid-Holland

Piemonte

Veneto

Lombardia

NordrheinWestfalen

Hessen

London

Northwest(England)

Major Cities in the

region

Brussels

Antwerp, Ghent

Madrid

Barcelona

Paris

Copenhagen

Amsterdam

The Hague, Rotterdam

Turin

Verona

Milan

Dusseldorf Duisburg

Frankfurt

London

Manchester

ECDC_NUTS codes were used throughout the study to differentiate among regions for

analysisTo identify the effect of lockdown in each regj@ncertain lockdown period imposed

in that region athe national level is consideredfter a sharp surge of Cowit® pandemic

cases around Europe, each EU member state took a precautionaryenagasannounced a

nationwide lockdown tanitigate the spread of Coronavirus and protect its citizens. These
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nationwide lockdown aysdiffer in each EU member state depending on the severity of the
pandemic Instead of working on one single lockdown perfodall regions, this study has
considered ther egi on 6 s hased#sddo enn natipnwide lockdowmeasures

implemented by the EU member states separately which is illustrated in the table below:

Table3 Lockdown periods as announced by EU member states

Country Phasel Phase2 Total Source
Normal Lockdown PostNormal Post lockdown
Conditions (LD) Conditions Lockdown days

(2019 (2019 (2020)
Belgium{BE1, BE2} 18/0311/05 | 18/0311/05 12/0505/07 | 12/0505/07 55 [67], [68]
Spain{ES30,ES51} 14/03-20/06 | 14/03-20/06 21/0626/09 | 21/0626/09 98 [69]
France{FR1} 17/03-11/05 | 17/03-11/05 12/0506/07 | 12/0506/07 56 [69]
Denmark{DKO01} 17/03-20/04 | 17/03-20/04 21/0425/05 | 21/0425/05 35 [70], [71]
Italy {ITC1, ITC4, 08/03-04/05 | 08/03-04/05 05/0501/07 | 05/0501/07 58 [72], [69]
ITH3}
Germany{DEA, DE7} 19/03-03/05 | 19/03-03/05 04/0518/06 | 04/0518/06 46 [73], [74]
NetherlandNL32, 15/03-12/05 15/03-12/05 13/0510/07 | 13/0510/07 59 [75], [69]
NL33}
United Kingdom{UKI, 23/03-10/05 | 23/03-10/05 11/0528/06 | 11/0528/06 49 [67]
UKD}

To assess the gradual shift from lockdowmestrictednormal conditionthe post lockdown
period (PLD) with the same number of lockdown days wehneserafter the lockdowmeriod
(LD) ends Analysiswas divided into two phases; In the first phasgional mearNO>
concentratioa estimated forthe Normal Condition period (NC)were compared with
Lockdown Periodl{D) while in the seconghase PosNormal Conditions perioPNC) with

PostLockdown perid (PLD) to identify theSpatioctemporalair qualityvariations
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3.2 Tropospheric N&Satellite data

The Tropospheric NO2 column number density data were collected from the Sentinel
5P TROPOMI sensor through the Google Earth Engine (GEE) platfd@antinel5P
TROPOMI sensor is one of the mission by ESA among various satellite sensoasethat
intended to monitor air and climatic changeSFROPOMI data is accessible through
Copernicus Open Aess Hubin either Levell or Level2 which is not compatible with
Google Earth Engine (GEE) for analysis, therefore GEE converts Gifingroducts into
OFFL/L3_NOZ2through théharp convertcommanedline tool which remove pixels with Quality
Assurance (QAyalue less than 75% and provide higisolution Tropospheric NQGzolumn
number density imageny6], [77]. In this study the Spatiotemporal variation of N@was
assessed arahalysedising Google Earth Engine (GE&)d he required data for each region
was retrieved through Code Editor, which allowed us to select the
tropospheric_N®@ column_number_densityand with a chosen filtered dateldd and PLD
phasesf the year 2020 and simil&C, PNC phasesf the year 2019. ibposphericNO»
column numberdensity data were collectk daily and was clipped to the areas of interest
(selected regions from section 3.1), more th@® &ements of mosaiced TroposphericANO
column number density images were generated in the lockdown pandg®stiockdown
period (20192020) separately foeach area of intereahd timeseries charts were prepared

for spatial visualizatiofil 6].

3.3 Ground Measurements Data

To estimatethe air quality at the citgcale NO2 concentratisrwere retrieved from
ground stations on an hourly and daily baBigtopean air qualitgata specifically for N@
emissiors were collected fronEuropean Environment Agency Air Quality Porfa8]. The
latest NQ air qualitydata was collected for the year 26A@®20 in connection with Covid9
lockdown,availableground station dateoveed mostof the big cities which were analysed
through satellite observations at the regional scataund data timseries and metadata files
were joined using sampling point and country ctmestimate the air quality at the Spatio
temporal scal¢79]. Data collected fromi29 ground station in specified regiofa the year
20192020are listed below:
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Table4- Ground data stations for each region covering nmaj@s.

Country Cities monitored Regions Number of ground stations
Belgium Brussels BE1 10
Belgium Antwerp, Ghent BE2 8
Spain Madrid ES30 19
Spain Barcelona ES51 19
France Paris FR1 13
Denmark Copenhagen DKO1 4
Italy Turin, Milan, Verona ITC1, ITC4, ITH3 20
Germany Dusseldorf, Duisburg DEA 11
Germany Frankfurt DE7 4
Netherland Amsterdam, The Hague, Rotterdam NL32, NL33 20
United Kingdom London UKI 9
United Kingdom Manchester UKD 6

In some countriesuch adtaly and Netherland, the datgas not available for each

specific city, so the regions are combined to get an insight of overall air quality in those regions.

3.4 Methodology

The entire process is divided into two types of analysis; Satdlidsed analysis to
cover regions and grourgtation based analysis for cities and some combined regions (due to
limited city-specific data as shown in Table A schematic diagram of the wke
methodology adopted for this study to answer some of the key research questions raised in

section 1.1 is illustrated below:
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Figure3 A schematic diagram of the methodology adopted forstuidy.

3.4.1 Tropospheric NEpollution estimatiorand analysishrough Google Earth

Engine

To determinethe Spatietemporal air quality variation based on N€ncentrations

due to Covidl9 pandemic lockdown, two types of approaches were employed as shown in the
In atellitebased analysis, SentifgP TROPOMI

figure-4 above.

sensor data for

Tropospheric N@column number density band were collected within four time pe(itatde
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3) for each regiorfTable 2)separatelyCode Editor which is a webased IDE of500gle Earth

Engine (GE) was chosen for the TROPOMI data collectiayualizationandassessment

The Earth Engine Codedior allows the user to store, manage, edit and analysed the datasets
through JavaScript programming language, data can be processed in a fast and effective way
on one platfornj80]. Code editor composed of many elements which are shown in the figure

below:

Search for datasets or places

Script manager Get a link (URL) to the script
s th iot Help button
API documentation Ele U Sl T
Asset manager Run the script -
> e Egrth Engine m © B

’ Task manager
Console output

Inspect
locations, pixel
values, objects
on the map

B deee  Jeenne  ICITHD EENS ECTHD O vlmlﬂ,] inapoctor (R Toke ]

Layer manager

Figure4- Earth Engine Code Editor elements illustratj8@]

Code Editor allows the user to perform various algorithms arnkdemetical functions
on the dataset by running a script which is then visualized in the form of Map, data in graphic
forms appear irConsoleoutput which can be exported to drive or as an Asset for further
analysi$80].

To proceed with the SentinBP TROPOMI data collectioflisted in Appendix 7.1)
firstly, the area of interest (AOI) was defined based on regions@3Jegional data shapefile
was saved to the GEEsAets as a FeatureCollection and assessedassipgatureCollectio()

tool from GEE Docs, feature selection was made usingdihection.clip)) function to set the
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geometry of analysis limited to the area of interest (AOI) layer which was added topthe ma

for visualization.

In the second step of data collectidhe date of interest (DOI) was selected using
ee.Date(}ool, DOI could be e.g.,%tday of lockdowrin chosen AQ|Sentinel5P offline level
3 NO; data with tropospheric_N®@ column_number_densitpand was assessed using
ee.ImageCollectiof) tool and collection were filtered usim@Ol.advance()function with the
total number of lockdown days as mentioned in tahléhe number of images mosaicked
through desired selection can be printed in the console which inAT@dt\ese around 778
elements. For better visualization of NO2 column number density and numerical analysis, the
unit was converted from molefnto pmol/n? by multiplying the image with 10using an
image.multiply() function. The mosaicked image from ImageCollection can be added as a
layer to the map along with visualization paramet&fisualization parameters include;
opacity, min, max and colour palette®iioh can be set as required, to enhance the visual

representation, cartographic effects and help to visualize single band image intd&bJours

All the statistical analysis functions in GEE are availablearReduce(Joolssection
under GEE Docs, Image.reduceRegion(junction was performed on the ImageCollection
usingdistinctcategories oReducerdo calculate mean, median, min, max, standard devjation
and histogram, which werdilized for further analysis. Mean values of Tropospheric2NO
column number density for each period and region (as mentioned inJjabkre compared
to evaluatethe air quality gain based on M@uring Covid19 lockdown and podbckdown
periods (2012020). Timeseries forfilter dates and regions were creatgith the help of
ui.Chart.image.doySeriesByYear@ol and prited to console which were saved as CSV file
individually andafterwardscombined for graphical analysis among 2019 and 2020, normal
and lockdown conditionslo make this Google Earth Engine data accessible through QGIS
for computation of image differencard evaluate the emerging hotspots, Google Earth Engine
python APIs were used in Jupyter Notebook and with the support of some (ksidesin
Appendix 7.2) andee.batch.Export.image.toDriviool all the required images were stored
for further analysis on other platforms. Googlarth Engine allows t&xport an image but a

mosaic ofimageCollectionmustbe exported using the battdol available in Pythof82].
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3.4.2 NQ pollution estimation and analysiBrough Ground stations

Ground station air pollution data for N@oncentrations were collected through
European Environment Agency (EEA) and the air pollutant data was primarily from the ground
stations which were exclusively monitoring Traffic and Urban sources due to their highest
contribution in increasing N£evel. Ground station data was retrieved for éméireyear but
divided into the requiretime framedo cover theNC, PNC, LD and PLD griods(Table3)
for each regionThe time series (2012020), air quality index (AQI) of each ground station
associated wh the study regions were generated and AQI values were distributed into six
levelsas indicated by European Environment Agency as shown in the table below for NO

concentration imug/m? [83]:

Table5- Air Quality Index level by EEA for NO2 concentrati§83]

Pollutant Index Level (based on NQ concentration in pg/nv)
Good Fair Moderate Poor Very Poor Extremely
Poor
Nitrogen 0-40 40-90 90-120 120230 230-340 340-1000
Dioxide (NO,)

Reliability on the ground station data was questioned because of the insufficient data available
for the selected regions, based on the available data an averageoh@ntration was
computed for each region to evaluate if computed data showing a similar trend in air quality
improvement during Lockdow(Phasel) and posiockdown(Phase2) periods as examined
through satellitdbased measuremenitSround stations datevas evaluatedunder regional

spatial scalg based on ground stations cluster{figble4) while the temporal scale was
selected from Tabl8. Due to a limitation of available ground station Ndata for the whole
region, data were interpolated using Irse Distance Weighting (IDW) technique in QGIS,
IDW is based on the weighted averaged of the sample data points while maximum and
minimum values of the input sample data remain consistent during the interpolated data
pointg484].
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4. Results and Discussion

4.1 Results
4.1.1 Tropospheric NOvariations evaluateifom TROPOMIsensor.

The spatial distribution ofropospheridNO2 columnnumber density collected from
the TROPOMI sensas analysed for 15 regions across Europe angdé@centratiorior each
regionwas measured separately in two phalseBhase one a lockdown timeframe as enforced
by the states in 2020 is compared undergameperiodof 2019, to analyse how effective the
lockdown measures were to improve the air quality when all the anthropogenic activities were
significantly reduced. Phase two which is a further extension of gh&sevaluating how
quickly NO; coneentration is going back to the level of 2019 with lockdown easing measures.

The mean concentration of TroposphericNiOthe 15 regions studied under normal
conditions (NC) 2019, postormal conditions (PNC) 2019, Lockdown (LD) 2020 and Post
lockdown (PLD 2020 is shown in the figu® below:
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Figure5 Mean NQ concentration in each region under specitiedditions.
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Figure5 illustrates thatollectively mean NQ density was ranging between 32.72 to
124.55 umol/Min 2019 (NC) which lowered to the data range 22.15 to §88l/m?in 2020
(LD) while in 2019 (PNC) the Ngdensity was between 25 to 101 umdiénd a considerable
further reduction was seen in 202Q.[H and NG column number density fall in the range 26
to 68.26 pmol/m. Lockdown measures by each EU member state left a positive impact on air
quality when evaluated for Tropospheric N€@ncentration for each region, in phdsd C4
region achieved B4 of NO, reduction(75.48umol/m2 in 2019and 48.57umol/m? in 2020)
due to lockdown which was the highest amondhadiegions followed by 3% in FR1(74.62
pumol/m2 in 2019and45.55umol/n? in 2020), 37% in ES30region(47.03umol/m2 in 2019
and 292 pmol/m? in 2020) and 34% in UKI region (124.55umol/m2 in 2019 and 82.34
pumol/m?in 2020). In Phase2 when lockdown restrictions were easing up the @l began
turningup againhowever whencompared tohe NO. concentratiorf 2019 UKI gained 3%
reduction(101.45pmol/m2 in 2019 and68.26umol/n? in 2020) followed by 22% in NL32
(55.81pumol/m2 in 2019 and43.76umol/n? in 2020), 18% in theUKD (39.27umol/m2 in
2019 and32.12umol/m? in 2020), 17%in BE2 (68.4umol/m2 in 2019 and56.52umol/m?
in 2020), 16% in thelTC1(33.93umol/m2 in 2019and28.68umol/n? in 2020) and 15% in
FR1 region (45.5umol/m2 in 2019 and 38.78 umol/n? in 2020). Tropospheric N@level

dropped due to lockdown in Phasel and Phase2 for all regions studied are shown below:

Region  BEL BE2 ES30 ES51 FR1 DKol ITc1 |ITCa ITH3 DEA DE7 NL32 NL33 UKI UKD
ANOZ(P-1) -29% -23% -37.00% -22.00% -39% -14.00% —30.00%i -51.00%  -28.00% -19.00% -30.00% -5.00% -15.00% -34.00% -16.00%
ANO2(P-2) -10% -17% -14%  -7.20% -15%  -5.60% -16%! -15% -5% 6% -2.50% -22%  -11.00% -33% -18%
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Figure 6- Percentage of Tropospheric N@duction during the lockdown and pdéstkdown phases in each

region

The Spatietemporal distribution of Tropospheric N€olumn number density as derived from
the TROPOMI sensor is visualized along with the rarsgeel as the difference of two images

(from each phase and region) to evaluate the extent etbi@entration is shown below:
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Figure7- Spatietemporal Tropospheric NQvariation during the study phases

Spatiotemporal Tropospheric N@ variation in Figure7 above disclogkthe areas which
experienced the highest M@vel in 2019 but lockdown brings down the ranges and the
differences can be seen in terms of improved air quality. UKI, DE7,&8BEZR1 were some

of the rgions where the highest N@vel was observed in 2019, and a considerable reduction

in NOz levels in 2020, the difference of images from 2019 and 2020 reveal some of the hotspots
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which remained consistent throughout the analysis and air quality base®-onaN be

observedluctuating around thse hotspots

To evaluate if the highest amount of Tropospheric M®el at a certain time of the
year within the selected time frame for this study is not influenced by some specific incident,
a timeseries with 10 days averaging for each regiothe specified time frame of 2019 and

2020 was generated which is shown below:
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Figure8- Tropospheric N@concentration Timeeries with 1@daysaveraging.

The abovementioned 1@lays averaging timseries for all regions demonstrate the downward
trend in NQ level in 2020 due to lockdown when compared with 2019 apart from some peaks
which can be seen in NL32 and NL33 regions could be associated with sadesttasted

around 10 days.

4.1.2 NQ concentration variation observed through grodath.

NO2 concentration data from 129 ground stations (TdbMere collected on an hourly
basis for the specified time frame chosen for this study (&bl€he groud stations were
selected because they were situated in the centre of the big cities contained in the selected
regions as specified in Tabfeand covering the urban traffic sources which significantly
contribute to elevating the NQevel in the big citiesA time series was generated for each
ground station N@measurements (ugfnwithin the selectedimeframewhich is shown in

the figure below:
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Figure9 NO2ground station observatiofigg/m3)within selected studiimeframefor each region
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NO2 concentrations for different ground stations associated with chosen regions
demonstrate a similar pattern of higher level in 2019 and considerable reduction in 2020 as
revealed bysatellite basedNO: concentration measurements. The highest levelo NO
concentration observed was|8@m3which is more than double the annual NOncentration
recommended by EEA and WHO.

To evaluate the N©pollution reduction due to lockdown, an average of all graatations

located in selected regions was measured which got us the following results on a regional basis:

Figure10 NOz ground data evaluation on a regional basis

London (UKI), Milan (IT4) and Paris (FR1) with the highest amaimMO pollution recorded
by ground stations in 2018nd was considered above WAHO recommendedNO: level
(40ug/m3), showed a significant reduction due to lockdagnshowrabovein figure-10. The
percentage of N®reduction per regiorare listed below when estimated for phasel and
Phasé:
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Figure11 NOz pollution reduction(%) due to lockdown measures for Phasel and Phasagegional basis
For spatial distribution of Nexoncentration, ground data was IDW interpolated due to limited
data availability especially ken the regional analysis was consideresh a study extent
approach wasitilized, and theresults are visualized below for eattimeframe of 201%nd

2020 as well as the difference of interpolated results:
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Figure12 ground NQ concentration interpolated results using IDW dtudyextent.
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Interpolation results help us to estimate the values of the unknown points using the Inverse
distance technique which makes use of the available points and estimate themneipegh

there was limited data available for ground stations interpolated results highlighted those spots
which were of interest and a considerable amount of NO2 concentration reduction was

expectedresults were not used for validating the satebdsedegionalanalysis

A correlation analysis was performietween the data collected2019 (twatimeframe$ and
2020 (two timdrames to see how relatethe data is under two scenari@nce tiere was

limited ground déa was available fagach region, correlation results an@wnbelow.

Ground data 2019 (NC) and 2019 (PNC) appear Ground data 2020 (LD) and 2020 (PLD)
highly correlated. appear to form a cluster with 2 outliers.

2019 (PNC)
w e

g & 8
2020 (PLD)

0 10 20 30 40 50 60 70 80 50 0 10 20 30 40 50
2019 (NC) 2020 (LD)

(@) (b)

Figure13(a) Groundstation data correlatiof2019) (b) Ground data correlation (2020)

Ground station data correlation resufismonstratehat data is highly correlated ir029
while in 2020it appears in clusterghen considers all regions apart friwwo ground station
in FRIregiors with exceptional higher NO2 conceatton recordedevenunder lockdown

measures
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4.2 Discussion

Rapid industrialgrowth and reliance on fossil fuelyecontinuallywreckingour atmosphere
with elevated levels of harmfydollutants Covid19 pandemidockdown which forced the
communities around thglobeto goin hibernationto aurtail the infection rate allowed usto
evaluate the relatiahip betweerhumanmobility andair pollution. The resultsnentionedn
section 4.1 indicate that lockdown rseses adopted by the EU member statese
significantlyimprovedthe air quality due to reduced poltantsemission fromanthropogenic
sourcesalsoobserved by manyesearcherglobally usinga relatedapproach6], [8], [12],
[16], [23], [85] Even though a sudden reduction in air pollutants wlserveddue to
lockdown but the study Bso revealed hat these vari@ins areswiftly turningback to thé prior

state withlockdown lifting.

Firstly, to investigate thempact of lockdows on the aimuality throughsatellite data and
ground dataNO: concentratios for 15 regions of EU member stategneconsidered dr
analysisduring the lockdown and posibckdown phasesf 2020 with 2019 as a baseline
whichis shown inTable3.The results indicate thaue tolockdown measurethe mean N@
concentratiomangedecreaseth phasd from 28-124umol/m? to 2286 pmol/m? for all regions
and further reduction wasobservedin phase2from 25-101umol/m? to 23-68 pmol/m?,
Sentinel5P data was used foBatellitebasedanalysis. The collective mean perentage
variation of NQ concentations whenquantifiedfor Phasé was 26% and fophasedt was
down to 13%asderived fromFigure6.

This analysis suppa@the theory thaa substantl reductionof NO2 concentratiorunderthe
strict lockdown periodmay have been influenced byrestricted human niwlity, reduced
industrial production anttansportatiorcontrolswhich wereobserved througbut the Covid-

19 pandemic lockdowaround Europeln the postlockdown phasephase2)with lockdown
easing measures, i evidenthattheair quality achievediuringlockdown isreducedo hatf,

which could be associatedvith the resumption of anthropogeractivitiesas suppded by
other studie§8], [18]. Ground statiomeasurements alsiemonstrated similar trend overall

NO:2 levelin PhaseWvasmeasurect 37.7% which reduced to 23.8% RhaseZderived from

Figure.11)and similar studies also predict that ground station measurements are influenced by
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metedrological conditions and type of ground statj6h This study also highlighted that NO
concentration which is maly associaté with anthropogenic activitiesan participatein
Ozone(Os3) formation and particulate matter under high temperasgeeasonal variation of
NO2 level cannot be ignoreghich couldhaveled to reduced N@ concentration irpost
normal(PNC) 2019 and Podbckdown (PLD)2020[86], [87]. By analysing theesearch data
from Statista for the three most populatedities of Europe it was observed thalNO:
concentation indicatesa descendingrend between MareAugust (Summer sason)and a
consideraby higher level betweeB8eptembeifebruary (Winter seasoay shown below:

Average monthly concentrations of nitrogen dioxide (NO2) pollution in select cities in
Europe in 2019 and December 2020 (in micrograms per cubic meter of air)

=0= Paris == Rome Madrid =e= Stuttgart London

Source Additional Information:
EEA F Germany: Italy; Spain; United Kingdom: EU; EEA; January 2019 to D

Figure14 Average monthly D2 concerration in selected cities for 2019 and 2(88]

It is apparenfrom the above analysithat as illustratedby satellite-based analysi@igure.§
and ground station measureme(fgure.9)a considerable positivair quality impact was
seen not only ithelockdown phase but alsn the pog-lockdown phaseeven though thee is
a gralual shit to the previous N@level asvisualized in the timeeries which demonstrag
that first researchquestion raisedn section 1.1 igespondedFigure.8, ad Figure.9) A
comparativeanalysis of NQvariation in both Satellitbased dateSD) and groundbased data

(GD) is shown in the figre below:

Page |37



[%2]
2
o
>
<
o
=
=
i
o
2
]
o
o~
(=]
4

ES51 | ES30 BE1 BE2 | FRL | DKol DEA | DE7

NC_2019(GD) | 30.44 | 29.87 | 3591 | 31.14 | 5315 | 2073 | 4249 | 3091 | 2421 | 2038 | 4479 |

LD_2020(GD) | 1552 | 1496 | 20.84 | 2095 | 258 | 12.89 23 1804 | 1537 | 26.16 |
——PNC_2019 (GD)| 27.65 | 29.49 27 | 2342 | 4442 | 198 | 3245 | 2581 | 1981 | 1632 | 32.25
——PLD_2020(GD) | 20.61 | 24.16 | 18.56 | 1802 | 2947 | 13.93 | 2424 | 2196 | 17.98 | 1458 | 223

NC:2019 (SD) 28.39 47.03 111.98 | 103.99 74.62 8272 ‘ 62.13 62.7 82.69 >124.55H
LD_2020 (SD) 2215 29.2 79.65 80.47 45.55 28.01 ‘ 42.39 60.8 43.68 7233 82.34

PNC_2019(SD)| 25 397 | 778 | 684 | 455 | 288 | 3819 | 542 | 3139 | €548 | 101.45 |
PLD_2020(SD) | 23.2 | 3414 | 701 | 5652 | 3878 | 266 | 33.71 | 508 | 3059 | 5516 | 68.26

Figure15 Compastive analysiof Satellite and ground NO2 observations in different seldowdiown phases

For a more detailed air quality gain in lockdown phasies behgiour of other associated
pollutants withNO, will enhanceheextentof the study.

Google Eath Engine platformwas usedo collectSentinet5P datdor this studywhich
proved to be very convenient in datBbrage,assessmenfind analysis, it sagedatapre
processindime, andall analytical toas wereavailable under one umbrella. Sentib&lis the
latest addition by European Space Agency (E®Ajnonitor the atmosphere and climatic
variations which provides imagery with high spatial resolutionin this sudy whereNO:
concentrationdata was required toanalyse athe regional scaleit was inevitable to use
satellitebased data ith higherSpatio-temporal resolutin. Atmospherigp o | | uabilggyrtda 6 s
disperseunder climatic conditions and variabiligmphasizeddata collection through a
platformthathas a glbal coverage to tr&ahe fumes further away frotheboundariesThis
study demonstrasghe importance oTROPOMI data for air quality monitoring over ground

station dataand ths questiorwas rased in sectionl1.1.

Satellite sensor such a3ROPOMI from SentinebP with a global coveragerovided
consistentreaults instead ofground statios which were suitable forsmallscaleanalysis

Ground stations always requiexpensive equipment tmstall, and data required to be
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processed through climatic modedsd for better coverage ard@ numberof stations are
required In this study Sentinet5P provideddetailed Tropospheric N@oncentations for all
the selected regions wdm made it nuch converent to andyse the air quality duringhe
lockdown and posiockdown phaseson the other handyround sationswere limited to a

specificpart of ther e g i ilcomplsteobservatiorfor theyears 2019 and2020

It wasacknowledgeadvhile collecting the ground datobservatios that citiessuch ag.ondon
(UKI), Paris(FR1), Barceloa (ES51) Madrid (ES30), Brussels (BEXJ.openhagen}K01)
havea sufficient amount of ground stationgadlable totake observations frotdrbantraffic
sources with provide more accuate observation as comparedfimsterdan (NL32) where
there is only onegroundstation and even that was not fully functional to provide dat¢éhtor
year2020and correlation results exposed outliers in detiong to NL regior(Figure.13b)
similar situatios wereexposedor othercitiestoo. Partial data sets foR020 make it much
difficult to correlate with satellitdbaseddata foranalysis eventaly, it was interpolated to

highlight some patterns in dagad togetan overallsituation

The most challenging question which was raised at the start of uhlig s to investigate
how itis possible to avdilockdown to achieve betteir quality by makng use ofasustainable
approacho gainthe NO2 level as observed under strict lockd@md to answer this spatial
distribution of NO2concentratiorwas observedver theregions and a clugtng pattern was
highlightedthrough arestablishedink with the bg citiessituaedin those regions as shown
in Table.2.

To support the above discussiohetgatial distribution of N@ concentrationsn different
regions a illustrated inFigure7 and FigurelO from satellitesensorand ground stations
regectively is analysed In boths e n s absesv/d@iionseach region isunderlining some
clusters ofmeasurementwith the highest NQ concentationswhich were more likely the
dense urban areasth more prominenair quality variationsThese highly dense urbareas
are Londor{UKI), Paris(FR1), Bussel{BE1), BarcelondES51), MadridES30) Rotterdam
(NL33), Dusseldorf (DEAand Mlan (ITC4) which has shown a considerable wetion of
NO. because of restricted mobility in kaowrs (Figure6 & Figure.11) These above
mentioned citie are econorgihubs of their countries where it is not easfoteseaf the air

quality level can benaintained this study igpredictingthat even thoughhe highest amount
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of air quality was achieved due to lockdown businhot an everlastingsituation, the post
lockdownobservationgreexpressig an entirely differenttrend wherelockdowncansimply
be understoodas an environmental experience to evaluate our politoegardsair quality in
dense urban areas througiplementation osustainable approachandstringentactions

GDP growth rate for EU statésve experienced a declingpto -6.1in 2020 as compared to
2019whichis alot higherthan the eanomiccrisisin 200 when it was down te4.3, which

is affectingthegeneral pubt financially andsocially due to restricted mohtly [89]. Societies
cancertainly notafford lockdowrs, justto breatle fresh air, anthropogenic N@ources can
bediminishedby shifting our dependency on Bilsfuel to electric vehiclesr alternative fuels,

green energy sourcesuch as windand solarcould dso helpto minimize thep o wer hous e 6's
contribution topollutant in theatmosphere and all can be achieved thrausftift in policies

towards green energy

4.3 Limitations and Future work

In this stuly, Sentinel5P data wasetrievedthrough Gogle Earth Engineproved to
be a useful tool when pygocessing the required datath accesdo datacataloguefrom
various satellites buit was accompaniedoy some limitation; Firstly, large spatial extent
visualizationoften ends upwith an error stating memory litnexceededvhich can only be
waived by minimizing the spatial eent which doesnhot support large spatial analysis
secordly, image analysis is restricted to tools already available in Docs sectiathiediy
web-based IDE does not sogrt ImageCollection export which islependent oRython API
functionality througha batch process andirect export tathe local machine is not possible
which makes the data more open than privistereover incompletegroundstation datavas
also alimitation to perform a more robust approach in a&gding the aiquality issue at the
regional scale.

This study attempted to address the impact of lockdowmproving the aiquality at
a regional scale antprovides acomparativeanalysismainly focused orsatellitebasedand
groundbasedNO- concentration leve]dut future work requirgto considemmeteorological
conditionssuch as windspeed and direction, temperature, humidity, solar radiation and

rainfall, which widely influence the N@level in the atmosphere through dispers[80]. To
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determinethe air qualiy based on N@in a particular areait is also importantd expand the
analysis by correlatingtherpollutants which are associatedth NO» e.g., Ozone (&) and
Particulate Matters (Ph%, PMig) and future work shouldook at these aspects too. NO
concentration shows a stromdfiliation with economic activitiesuch astransportation of
goods, industrial producticend people mobilityvhich aremainly linked tofuel combustion,
so future research should be focused on reducing the M@l in the atmsphere without
compromisingeconome developmentin 2019 the contributiownf alternative fuel vehicke
was 126 which increase to 24% in 2020, so there is an opportunity tauatalin future
resarch that how cleaour amospherewill be if we moved100%away fromconventional
fuel [91].
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5. Conclusions

In this study Spatietemporal variations offropospheric N@concentrationavere
analysedduring the implemetation of lockdowrand posiockdown phassdue tothe Covid-
19 pandemic ard a detailed study was camded on 15 regions across Europe with a
comparativeanalysis obothsatellitebased data and grousthtion dataThehighest reduction
obtainedon Troposphec NO>column number densitpeasured through SentiFslP was 51%
in ITC4 regionaccompaniedy 14%in DKO1 regbn the lowest reductioduring lockdown
phasewhereasn post laoakdown phase the higbereductiorof 33% wasdocumentedn UKI
region and 2.5% in DE7 region was reported the lowé&k concentration recorded through
ground stations demgtratedb1% reduction in FR region the higést and 24% daction in
NL region the lowesbbserved in lockdown phasehereas 34% reduction in ERegion and

9% reduction in DE7 region was recorded in goskdown phase.

This study indicatethat the NQreduction inboth lockdown phases may associated
with restricted mobility and industrial activeswhich resulted inmproved air qualityinked
to lockdown mesures but it also concludethatin determiningthe air qualitybased orNO2
pollution othervariables (temperature, windpeed seasoretc) and pollutani{Os, Aerosols)
associated with N©reduction neesl to beconsideredo sugort theresults and longerm

analysis.

Sentinei5P provide free and opesource datawith high spatial resolutiosupportto
monitor air quality fran local to global scaleshroughthe Google Earth EngindGEE)
platform, Spatioctemporal data &ailability with daily global coverge determine the

authenticity of data whrecomparedvith ground station data.

Covid-19 pandemic lockdown proved to be arviesnmerial expenment that is
providing uswith a unique opportunity to evaluate our poés towardslimate changewith
an emphasis that pollutant lesetan becontrolled It is evident thatNO. reductionand
improved air qualitydue to lockdowraretemporary andooner otater we will be standing at
the prior statevith degiaded air quality if welo nd actnow and impémentresilientpolicies

thatsupportsustainable development antheg/able energy sources.
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7. Appendix

7.1. Google Earth Engine Codes:
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