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ARTICLE INFO ABSTRACT

Keywords: Air pollution has become one of the biggest challenges for human and environmental health.
Air pollution Major pollutants such as Nitrogen Dioxide (NO,), Sulphur Dioxide (SO,), Ozone (O;), Carbon
Sentinel-5P Monoxide (CO), and Particulate matter (PM,, and PM, ;) are being ejected in a large quantity
XISIDIS every day. Initially, authorities did not implement the strictest mitigation policies due to
COVID-19 pandemic pressures of balancing the economic needs of people and public safety. Still, after realizing the
Dublin effect of the COVID-19 pandemic, countries around the world imposed a complete lockdown to

contain the outbreak, which had the unexpected benefit of causing a drastic improvement in air
quality. The present study investigates the air pollution scenarios over the Dublin city through
satellites (Sentinel-5P and Moderate Resolution Imaging Spectroradiometer) and ground-based
observations. An average of 28% reduction in average NO, level and a 27.7% improvement
in AQI (Air Quality Index) was experienced in 2020 compared to 2019 during the lockdown
period (27 March-05 June). We found that PM,, and PM, 5 are the most dominating factor in
the AQI over Dublin.

1. Introduction

In early 2020, the deadliest coronavirus disease 2019 (COVID-19) started to spread rapidly across the globe. As a result of the
COVID-19 outbreak, human health has become at the forefront of our collective concerns and, on March 11, 2020, it was declared
a global pandemic by the World Health Organization (WHO). Due to its high transmissibility and high infectivity, countries across
the globe implemented strict lockdowns to contain the outbreak (Siddiqui et al., 2020). This is because lockdown and pollution
control measures constrain many anthropogenic activities in terms of transport, industrial and other socio-economic (Shen et al.,
2011). The drastic shutdowns have made the impact of human activities on air quality more visible (Kaloni et al., 2022, 2021) and
provided an abrupt opportunity to understand what we can do better to address air pollution.

Around half the world’s population is exposed to the worst air quality (Health Effects Institute and of Disease project, 2020;
Alparslan et al., 2021). Numerous studies have already proved the direct association of air pollution with multiple health issues
such as respiratory and cardiovascular diseases (Flegal et al., 2007; Franklin et al., 2007; Gent et al., 2009; Kappos et al., 2004).
Air pollution has become one of the biggest risks to human health (Pedersen et al., 2013; Danesi et al., 2021a; Sun et al., 2019;
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Fig. 1. We demonstrate the study area of Dublin, Ireland in this illustration.

Weinmayr et al., 2015), resulting in great loss of life. Several studies (Danesi et al., 2021b; Pak et al., 2020) are therefore focused on
accurately predicting the pollutant concentration at the ground-level, along with the prediction of other atmospheric contributing
factors including temperature (Akrami et al., 2021), precipitation (Pathan et al., 2022, 2021) and solar irradiance (Fathima et al.,
2019). In 2019, air pollution moved up from the 5th to the 4th leading contributor to overall premature deaths (6.67 million), only
after high blood pressure, tobacco and poor diet (Health Effects Institute and of Disease project, 2020).

A substantial reduction in air pollution has been experienced during the COVID-19 lockdown across the world (Dantas et al.,
2020; Otmani et al., 2020; Sarkar et al., 2021; Tobias et al., 2020). Venter et al. (2020) analysed both ground and tropospheric
air pollution levels using more than 10,000 ground stations and satellite observations across the globe. They depicted a 29%, 11%
and 9% reduction in NO,, O; and PM, 5 respectively during the first two weeks of lockdown. In a similar study, Bao and Zhang
(2020) examined the air quality data for the 44 cities in northern China and concluded a 7.80% improvement in air quality with a
69.85% reduction in human mobility strongly associated with the COVID-19 lockdown. Mahato et al. (2020) reported a 40%-50%
improvement in air quality during the first week of lockdown over Delhi, one of the most polluted cities in the world. Numerous
other studies were conducted in the U.S. (Chen et al., 2020), Brazil (Kondo Nakada and Urban, 2020), Australia (Duc et al., 2021),
Italy (Collivignarelli et al., 2020) and Egypt (Mostafa et al., 2021). All the studies revealed a significant improvement in air quality
during the COVID-19 lockdown. Due to large volumes of traffic, many areas of Dublin experiencing poor air quality and frequently
breach the EU limits. According to the Google mobility data (Reports, 2021), a 39% reduction in public transport is observed during
the lockdown period in Dublin County compared to the baseline (January 3-February 6, 2020).

The current study aims to examine the lockdown effect on improving the air quality levels across Dublin using satellite-derived
spatiotemporal data sets and ground-based measurements. This study could help the researchers and policymakers to understand
and implement the multidimensional approach towards air pollution.

2. The study area

The present study is focused on Dublin (Fig. 1), the capital and largest city of Ireland. Dublin, a centre of Irish education, art
and culture, administration, and industry, has been listed under the top thirty cities globally (Globalization and Network, 2020).
Geographically, it is situated on a bay on the east coast, at the mouth of the Liffey river, surrounded by a low mountain range to the
south and flat farmland to the north and west. The city experiences a maritime climate (Cfb) with mild-hot summers, cool winters,
and a lack of temperature extremes. It records the lowest average temperature (6-8 °C) in Jan-Feb, while highest in Jul-Aug,
peaking at about 20-22 °C. The average annual rainfall is 700-800 mm. The city holds a total area of 117.8 km square and has a
total of 1,347,359 population according to the 2016 census (Office, 2016). The city has 22 national and local air quality monitoring
stations (Council, 2021). In 2019 total of 2 805 839 new vehicles were registered in the transport department Ireland, and the highest
number (59 003) of vehicles registered in Dublin city (Office, 2019).

3. Air pollutant data

The long term status of pollutants (NO,, SO,, O; and CO) and their spatio-temporal variation before and during the lockdown
over the Dublin city were derived using the European Space Agency’s (ESA) Sentinel-5 precursor satellite data available through
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Table 1
Data used and its specification.
Platform Sensors Parameters ~ Band Resolution Product level
Satellite data MODIS Terra and Aqua AOD Green band (0.55 pm) 1000 m Level 2 product
combined data
- Sentinel-5P Near Real NO, Total vertical column of NO, 1113.2 m Level 2 product
-Time (NRTI)
- - SO, SO, vertical column density at ground level 1113.2 m Level 2 product
- - [oR Total atmospheric column of O; between the 11132 m Level 2 product
surface and the top of the atmosphere
- - Cco Vertically integrated CO column density. 11132 m Level 2 product
Ground Station data NO, 24 h composite
- SO, 24 h composite
- 0; 8 h composite
- PM, 5 24 h composite
- PM,, 24 h composite
- AQI 24 h composite

Satellite data

(| MODIS Terra and Aqua combined | | Sentinel-5 precursor |\
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Fig. 2. Methodology for pollution analysis using satellite and ground data.

TROPOspheric Monitoring Instrument (TROPOMI). This investigation uses Near Real-Time/level-3 (NTRI-L3) S5P products. A
detailed specification of datasets is mentioned in Table 1. All datasets used for the analysis are directly imported from the
Google Earth Engine (GEE) Image Collection. GeeMap (Wu, 2020), a Python package for interactive mapping with Google Earth
Engine (Ferrari and Cribari-Neto, 2004) API is used for the analysis.

According to the Irish Daily Mirror newspaper,' the Republic of Ireland confirmed its first case on February 29, 2020. As cases
continued to surge, on March 27, 2020, the government of Ireland imposed a complete lockdown for two weeks except for the
essentials, and on April 10, 2020, it was further extended for 3 weeks until May 5, 2020. On May 5, 2020, the first ease in
restrictions was announced by the government and on May 18, 2020, phase one of easing the COVID-19 restrictions placed over
the country (Mirror, 2021).

Therefore considering these dates, the investigation is designed for a series of timelines, such as; pre-lockdown (March 01-26,
2020), phase-I lockdown (March 27-April 10, 2020), phase-II lockdown (April 11-May 05, 2020), phase-III lockdown (May 06-18,
2020), and phase-1V lockdown (May 19-June 05, 2020) (Mirror, 2021).

Fig. 2 depicts the methodology used for the present study. We have primarily used satellite data in our pollution analysis for the
city of Dublin, Ireland. The satellite data are obtained from MODIS (Terra and Aqua) and Sentinel-5 precursor. The AOD is obtained
from MODIS data; whereas the other pollutants O3, CO, SO, and NO, are obtained from Sentinel-5P. The variation in significant
pollutants are analysed at both spatial and temporal scales. A correlation matrix also has been generated to determine the impact
of these pollutants on the Air Quality. For correlation analysis, satellite AOD data is extracted after averaging the values in a 2 km
buffer around the ground station location (53.354N, —6.278W). This is further validated via a time series analysis of pollutant data

1 https://www.irishmirror.ie/news/irish-news/year-covid-ireland-timeline-incredible- 23585166
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Fig. 3. NO,, [A] 2019, average NO, [B] 2020, average NO, [C] 2019, During lockdown period [D] 2020, During lockdown period [E] 2020, Prelockdown [F]
Phase-I [G] Phase-II [H] Phase-III [I] Phase-IV.

obtained from ground-based stations. These ground-based observations are correlated with their satellite counterparts to observe
the effect of the lockdown.

4. Analysis & results

In this section, we demonstrate the changes in concentrations of significant pollutants for the pre-lockdown and lockdown period.
The aim of the spatial plots is to quantify the effect of lockdown on air quality during the different phases of lockdown and before
the lockdown. The area averaged maps of significant pollutants are generated for the study periods and are explained below.

4.1. Nitrogen dioxide

NO, is an essential trace gas in the earth’s atmosphere. It enters the atmosphere due to different anthropogenic activities and
natural processes such as biomass burning, fossil fuel combustion, wildfires and lightning (Das et al., 2021). A considerable reduction
(28%) in NO, levels has been observed during the lockdown period (March 27-June 5) in 2020 compared to 2019 for the same
period (Table 2). Although the lockdown was imposed for a shorter period, the impact resulted in a sharp decline in average annual
tropospheric column NO, levels over Dublin (Fig. 3).

A sharp decline (21.75%) in average tropospheric column NO, concentration is observed in 2020 compared to the previous
year 2019 (Table 2). A detailed analysis of the NO, levels before and during the different phases of lockdown has been analysed.
A maximum drop in NO, levels is observed during the phase-I (-13.7%) and phase-IIl lockdown (-15.5%). However, phase-II
(+19.7%) and phase-IV (+20.8%) showed an increase in NO, levels compared to the pre-lockdown period. The reduction in vehicular
emissions caused by Covid-19 restrictions led to a dramatic fall in NO, concentration (Collivignarelli et al., 2021; Jephcote et al.,
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Table 2
All analysed pollution parameters during the lockdown.
NO, (pmol/m?) SO, (pmol/m?) 0, (pmol/m?) CO (pmol/m?) AOD AQI
Annual (2019) 35.31 264.68 150161.2 32019.85 0.10
Annual (2020) 27.63 399.95 147379 32552.34 0.10
Lockdown (2019) 49.07 326.86 165154.6 35193.33 0.11 52.7
Lockdown (2020) 35.35 471.71 156146.4 35366.89 0.10 38.1
Pre-lockdown 32.38 710.8 170008.3 35697.41 0.10
Phase-1 27.95 1287.05 152334.7 37571.74 0.09
Phase-II 38.76 469.34 161927.4 35893.02 0.09
Phase-111 27.34 295.52 159673.6 35101.79 0.07
Phase-1V 39.13 264.03 150326.9 32350.64 0.17

00000 00001 00002 00003 00004  0000S 00000 00001 00002 00003 000G 00005 00000 00001 00002 00003 0004 00005
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Fig. 4. SO, [A] 2019, average SO, [B] 2020, average SO, [C] 2019, During lockdown period [D] 2020, During lockdown period [E] 2020, Pre-lockdown [F]
Phase-I [G] Phase-II [H] Phase-III [I] Phase-IV.

2021), but burning solid fuel and meteorological conditions may sometimes dominate vehicular emissions. These discrepancies can
also be attributed to the nature of the lockdown and its implementation. In a similar study, Dacre et al. (2020) observed an increase
in NO, concentration during the lockdown and cited that this change could be due to meteorology.

4.2. Sulphur dioxide

SO, is a key pollutant, adversely affecting human health and air quality. The majority of the emitted SO, comes from
anthropogenic sources and plays a vital role in climate through radiative forcing and atmospheric chemistry. Fig. 4 indicates that
the tropospheric column SO, levels are not aligning with the lockdown restrictions and are more localized. Despite the lockdown
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[G] [H] 0]

Fig. 5. O; [A] 2019, average O; [B] 2020, average O; [C] 2019, During lockdown period [D] 2020, During lockdown period [E]2020, Pre-lockdown [F] Phase-I
[G] Phase-II [H] Phase-III [I] Phase-IV.

impact in 2020, Dublin showed a high-level SO, compared to 2019. During the different phases, it is observed that the SO, increased
from the pre-lockdown period to the first phase of lockdown and again started decreasing and reaching the lowest level in the fourth
phase of lockdown (Table 2, Fig. 4).

4.3. Ozone

Ozone (03) is also an important greenhouse gas. The stratosphere, it protects the biosphere from dangerous ultraviolet radiation.
However, In the troposphere, it acts as an efficient cleansing agent, but at high concentrations, it also becomes harmful to the
health of humans and the environment. Sentinel-5P; Near Real-Time Ozone, observations showed a lower level concentration in
2020 compared to 2019 (Fig. 5).

Short term analysis clearly revealed a significant reduction in ozone level during the most and least restricted phases of
the lockdown and started increasing during the second and third phases, while a high level in the intermediate phases of
lockdown (Fig. 5, Table 2). Ozone, a secondary pollutant, is formed by the ozone precursors (nitrogen oxides and volatile organic
compounds) in solar radiation. Traffic is the major source of ozone precursors. Ozone has the unique property of being degraded
by the compounds (NOx) formed by it. A reduction in traffic, resulting in a diminution of ozone precursors, can increase ozone
concentration. Additionally, new ozone formation may continue by the volatile organic compounds (VOCs) emitted by trees and
other sources. This might be a reason for the high ozone concentration despite the traffic restrictions.

4.4. Carbon monoxide
Carbon monoxide (CO), a prominent atmospheric pollutant, and trace gas, plays a vital role in atmospheric chemistry, e.g., the

formation of tropospheric ozone. The primary sources of CO are biomass burning, combustion of fossil fuels and atmospheric
oxidation.
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Fig. 6. CO [A] 2019, average CO [B] 2020, average CO [C] 2019, During lockdown period [D] 2020, During lockdown period [E] 2020, Pre-lockdown [F]
Phase-I [G] Phase-II [H] Phase-III [I] Phase-IV.

At the annual level, 2020 appeared as a slight increase in tropospheric column CO levels. CO showed the opposite results from the
most restricted to the minor restricted phases of the lockdown (Fig. 6, Table 2). The increased CO concentration could be attributed
to the emission transported from other regions and the higher emission tendency of people residing in their homes during the
lockdown.

4.5. Aerosol Optical Depth (AOD)

Aerosol Optical Depth (AOD) is a measure of the extinction of solar radiation by atmospheric particles. In other words, it tells
us how much direct sunlight is prevented from reaching the ground due to the atmospheric particles. Moderate Resolution Imaging
Spectroradiometer (MODIS) observations showed that AOD is almost at the same levels throughout the study period (Fig. 7, Table 2).
Phase-IV revealed a sudden rise in AOD level (Fig. 7, Table 2), which may be attributed to the dust and other particles blown with
air from other continents.

4.6. Correlation analysis between parameters

The correlation coefficient is a measure of linear correlation between two sets of data. It is the ratio between the covariance
of two variables and the product of their standard deviations. Pearson’s correlation coefficient is used to correlate the pollution
parameter to each other, and it is given by Benesty et al. (2009)

cou(X,Y)

p(X,Y)= W (€8
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Fig. 7. AOD [A] 2019, average AOD [B] 2020, average AOD [C] 2019, During lockdown period [D] 2020, During lockdown period [E] 2020, Pre-lockdown
[F] Phase-I [G] Phase-II [H] Phase-III [I] Phase-IV.

Table 3
Pearson correlation coefficient between all pollution parameters.
AOD NO, so, o, PM,, PM, 5 AQI

AOD 1.00 —0.03 0.07 0.15 0.06 0.12 0.16
NO, -0.03 1.00 0.81 —0.59 0.66 0.66 0.56
SO, 0.07 0.81 1.00 —0.43 0.61 0.63 0.48
05 0.15 —0.59 —-0.43 1.00 -0.19 -0.25 -0.12
PM,, 0.06 0.66 0.61 -0.19 1.00 0.97 0.81
PM, 5 0.12 0.66 0.63 —0.25 0.97 1.00 0.82
AQI 0.16 0.56 0.48 -0.12 0.81 0.82 1.00

Where, cov is the covariance, ¢ X, is the standard deviation of X, ¢ Y, is the standard deviation of Y.

Table 3 showed that the Particulate matters (PMs) are the most dominating factors to the Air Quality over Dublin. It is also
observed that NO, and SO, are also highly correlated with air quality. The correlation matrix with colour scale is also represented
in Fig. 8, where blue side of the colour scale shows the highest correlation and the red side shows the lowest.

4.7. Time-series analysis

Ground observations for different pollutants (NO,, SO,, O3, PM;, and PM, 5) also have been analysed for the pre and post-
lockdown duration (Fig. 9). These ground-based pollutant data were accessed from the OpenAQ Platform and originate from
European Environmental Agency (EEA) over the Dublin city at location Id 4837. OpenAQ is the world’s first real-time and
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AOD  NO, SO, 0, PM,, PM,s AQI
1
AOD - -0.03 0.07 0.15 0.06 0.12 0.16
NO, -0.03
\

SO, 0.07
0, 0.15
PMy,, 0.6
PM,s  0.12
AQI 0.16

- -0.59

Fig. 8. Visual representation of correlation matrix. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

historical air quality data platform, aggregating government-measured and research-grade data entirely open-source (Anon, 2020).
A continuous decreasing trend has been observed in NO, concentrations from pre lockdown to during the lockdown period, while
SO, showed no trend during the same period. Ozone showed a continuously increasing trend from the pre-lockdown to during the
lockdown period. AQI remains under the ‘Good’ and ‘Satisfactory’ categories throughout the study period.

5. Conclusions and future work

Although the pandemic and associated restrictions came with high societal and personal costs, at the same time, many places
worldwide experienced the blue sky, starry nights, and snow-capped mountains from a far distance, often for the first time in
several decades. It is not possible to maintain these changes permanently, but the lessons accrued highlight the possibilities in
future environmental management. As the shutdown ended, emissions have increased quickly, wiping out any gains in air quality.
Undoubtedly, the COVID-19 shutdown has made the human influence on air quality more visible. During the lockdown, a substantial
reduction in nitrogen dioxide (NO,) was reported worldwide. However, few studies reported increased ozone (O3) levels and a
modest decrease in fine-particle air pollution. Almost all studies have revealed a substantial reduction in air pollution with a
significant improvement in air quality across the globe. However, these studies are limited to comparing the situation without
and with lockdown measures regardless of seasonal effects, different atmospheric conditions, and several other factors, such as
our efforts to reduce the anthropogenic emissions year after year. Additionally, the weather modelling system must be utilized to
better estimate the improvement in air quality due to lockdown measures only. Furthermore, we intend to use knowledge graph
technologies (Wu et al., 2022, 2021) to combine diverse pollution and weather data to understand these pollutant patterns in this
atmosphere. Overall, the outcomes of this study highlight the trade-offs between human interventions and environmental health
and inspire renewed demands for better air quality in the longer term.

Computer code availability

The source code related to this manuscript is available via: https://github.com/Sushma7870-git/Air-Quality-analysis-over-
Dublin.

CRediT authorship contribution statement

Sushma Kumari: Conceptualization, Methodology, Software, Data curation, Writing — original draft, Visualization, Investigation,
Writing — review & editing. Avinash Chand Yadav: Methodology, Software, Data curation, Writing — original draft, Investigation,
Writing - review & editing. Manabendra Saharia: Methodology, Writing — original draft, Investigation, Validation, Writing — review
& editing. Soumyabrata Dev: Conceptualization, Methodology, Supervision, Writing — original draft, Investigation, Validation,
Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared
to influence the work reported in this paper.


https://github.com/Sushma7870-git/Air-Quality-analysis-over-Dublin
https://github.com/Sushma7870-git/Air-Quality-analysis-over-Dublin
https://github.com/Sushma7870-git/Air-Quality-analysis-over-Dublin

S. Kumari et al. Remote Sensing Applications: Society and Environment 28 (2022) 100835

Data availability
Data will be made available on request.
Acknowledgements

This research was conducted with the financial support of Science Foundation Ireland under Grant Agreement No. 13/RC/2106_P2
at the ADAPT SFI Research Centre at University College Dublin. ADAPT, the SFI Research Centre for Al-Driven Digital Content
Technology, is funded by Science Foundation Ireland through the SFI Research Centres Programme.

® WHO standard (24 hrs) f i i :
20 t t t t
Pre-Lockdown Phase-I PhaseIl Phase-Ill Phase-IV Pre-Lockdown Prasel | PhaseIl DoPhaselll | PheselV
W
15
60
150
WHO ‘&nd.m (24 hrs)
- 50
o
g
E 4 y=-0.001x+(13.947)
o
]
z 30
20 -
! A A A‘H—
2 St R/ LY
b IR IV Y "a Vi add
833g33%248885 88885358088 33582220885352222088538%9
§didsdédssss §2d223262822c33344323333332848835223333
Date
[B]
WHO standard (8 hrs). 1 ]
Pre-Lockdown Phase- Phase-ll Phase-1l1 Phase-IV bt e
Pre-Lockdown Phase-I Phasd|ll Phase-III Phase-IV
80
40
~ n’;
o 60
E
£ gxn
5 <
@ =1
=] =
40 B 20
[} had A
2 10 ) Ju W 4 P I
i i
y=0.110x+(-1954.750) : ¥=0.011x+(220.122)
H H
888833558 8%8¢% 223288833222 2309828 & IEEEEEEEEEREEEEEEEEEEEEEEEEREERER
sezs'sssssss§§§$333333§s§ssséséés§§§ ssessssssssgissaéééészszsssssssgssé
Date Date
[c1 [D]
50 300
250
© Pre-Lockdown Phase-1 Phasqlil Phase-1il Phase-1V
200
n‘Em
e
2 | WHO standard (24 hrs) I T &
w < Moderate
g
) 20
100
10 (] A
w 50
AN v AN !
y=-0.004x+(73.796)
H
2222888535292 298%85-838 3 SrEs358%883
$i338F3882830003¢8¢88)) f3i3Zii $5373337§33738833
Date Date
[E] [F]

Fig. 9. Time-series analysis before and during lockdown period [A] NO, (pg/m?) [B] SO, (pg/m?) [C] O; (pg/m?) [D] PM,, (pg/m?) [E] PM, ¢ (pg/m?) [F] Air
Quality Index.

10



S. Kumari et al. Remote Sensing Applications: Society and Environment 28 (2022) 100835
References

Akrami, N., Ziarati, K., Dev, S., 2021. Predicting temperature from ground-based synoptic data in Shiraz City, Iran. In: Proc. Photonics & Electromagnetics
Research Symposium. PIERS, IEEE, pp. 2141-2146.

Alparslan, B., Jain, M., Wu, J., Dev, S., 2021. Analyzing air pollutant concentrations in New Delhi, India. In: Proc. Photonics & Electromagnetics Research
Symposium. PIERS, IEEE, pp. 1191-1197.

Anon, 2020. Open air quality. https://openaq.org/#/countries/IE.

Bao, R., Zhang, A., 2020. Does lockdown reduce air pollution? Evidence from 44 cities in Northern China. Sci. Total Environ. 731, 139052.

Benesty, J., Chen, J., Huang, Y., Cohen, 1., 2009. Noise Reduction in Speech Processing. Vol. 2. Springer Science & Business Media.

Chen, L.-W.A., Chien, L.-C., Li, Y., Lin, G., 2020. Nonuniform impacts of COVID-19 lockdown on air quality over the United States. Sci. Total Environ. 745,
141105.

Collivignarelli, M.C., Abba, A., Bertanza, G., Pedrazzani, R., Ricciardi, P., Miino, M.C., 2020. Lockdown for COVID-2019 in Milan: What are the effects on air
quality? Sci. Total Environ. 732, 139280.

Collivignarelli, C.M., De Rose, C., Abba, A., Baldi, M., Bertanza, G., Roberta, P., Sorlini, S., Miino, C.M., 2021. Analysis of lockdown for COVID-19 impact on
NO2 in London, Milan and Paris: What lesson can be learnt? Process Saf. Environ. Prot. 146, 952-960. http://dx.doi.org/10.1016/j.psep.2020.12.029.

Council, D.C., 2021. Dublin city air & noise. https://dublincityairandnoise.ie/monitors.

Dacre, H.F., Mortimer, A.H., Neal, L.S., 2020. How have surface NO, concentrations changed as a result of the UK’s COVID-19 travel restrictions? Environ. Res.
Lett. 15 (10), http://dx.doi.org/10.1088/1748-9326/abb6a2.

Danesi, N., Jain, M., Lee, Y.H., Dev, S., 2021a. Monitoring atmospheric pollutants from ground-based observations. In: Proc. IEEE USNC-URSI Radio Science
Meeting. Joint with AP-S Symposium, IEEE, pp. 98-99.

Danesi, N., Jain, M., Lee, Y.H., Dev, S., 2021b. Predicting ground-based PM 2.5 concentration in Queensland, Australia. In: Proc. Photonics & Electromagnetics
Research Symposium. PIERS, IEEE, pp. 1183-1190.

Dantas, G., Siciliano, B., Franca, B.B., da Silva, C.M., Arbilla, G., 2020. The impact of COVID-19 partial lockdown on the air quality of the city of Rio de Janeiro,
Brazil. Sci. Total Environ. 729, 139085.

Das, B.P., Pathan, M.S., Lee, Y.H., Dev, S., 2021. Estimating ground-level nitrogen dioxide concentration from satellite data. In: Proc. Photonics & Electromagnetics
Research Symposium. PIERS, IEEE, pp. 1176-1182.

Duc, H., Salter, D., Azzi, M., Jiang, N., Warren, L., Watt, S., Riley, M., White, S., Trieu, T., Tzu-Chi Chang, L., et al., 2021. The effect of lockdown period during
the COVID-19 pandemic on air quality in Sydney region, Australia. Int. J. Environ. Res. Public Health 18 (7), 3528.

Fathima, T., Nedumpozhimana, V., Lee, Y.H., Winkler, S., Dev, S., 2019. A chaotic approach on solar irradiance forecasting. In: Proc. Photonics & Electromagnetics
Research Symposium-Fall. PIERS-Fall, IEEE, pp. 2724-2728.

Ferrari, S., Cribari-Neto, F., 2004. Beta regression for modelling rates and proportions. J. Appl. Stat. 31 (7), 799-815.

Flegal, K.M., Graubard, B.I., Williamson, D.F., Gail, M.H., 2007. Cause-specific excess deaths associated with underweight, overweight, and obesity. JAMA 298
(17), 2028-2037.

Franklin, M., Zeka, A., Schwartz, J., 2007. Association between PM 2.5 and all-cause and specific-cause mortality in 27 US communities. J. Expo. Sci. Environ.
Epidemiol. 17 (3), 279-287.

Gent, J.F., Koutrakis, P., Belanger, K., Triche, E., Holford, T.R., Bracken, M.B., Leaderer, B.P., 2009. Symptoms and medication use in children with asthma and
traffic-related sources of fine particle pollution. Environ. Health Perspect. 117 (7), 1168-1174.

Globalization, Network, W.C.R., 2020. The world according to GaWC. https://www.lboro.ac.uk/gawc/world2020t.html.

Health Effects Institute, I.f.H.M., of Disease project, E.G.B., 2020. State of global air 2020. https://www.stateofglobalair.org/.

Jephcote, C., Hansell, L.A., Adams, K., Gulliver, J., 2021. Changes in air quality during COVID-19 ‘lockdown’ in the United Kingdom. Environ. Pollut. 272,
http://dx.doi.org/10.1016/j.envpol.2020.116011.

Kaloni, D., Lee, Y.H., Dev, S., 2021. Impact of COVID19-induced lockdown on air quality in Ireland. In: Proc. IEEE International Geoscience and Remote Sensing
Symposium IGARSS. IEEE, pp. 8372-8375.

Kaloni, D., Lee, Y.H., Dev, S., 2022. Air quality in the New Delhi metropolis under COVID-19 lockdown. Syst. Soft Comput. 4, 200035.

Kappos, A.D., Bruckmann, P., Eikmann, T., Englert, N., Heinrich, U., Hoppe, P., Koch, E., Krause, G.H., Kreyling, W.G., Rauchfuss, K., et al., 2004. Health effects
of particles in ambient air. Int. J. Hyg. Environ. Health 207 (4), 399-407.

Kondo Nakada, L.Y., Urban, R.C., 2020. COVID-19 pandemic: Impacts on the air quality during the partial lockdown in Sdo Paulo state, Brazil. Sci. Total Environ.
730.

Mabhato, S., Pal, S., Ghosh, K.G., 2020. Effect of lockdown amid COVID-19 pandemic on air quality of the megacity Delhi, India. Sci. Total Environ. 730, 139086.

Mirror, 1., 2021. A year with COVID in Ireland - timeline of incredible lockdowns, cases and deaths, pub closures and disasters. https://www.irishmirror.ie/
news/irish-news/year-covid-ireland-timeline-incredible-23585166.

Mostafa, M.K., Gamal, G., Wafiq, A., 2021. The impact of COVID 19 on air pollution levels and other environmental indicators-a case study of Egypt. J. Environ.
Manag. 277, 111496.

Office, C.S., 2016. Nuts dublin. https://bit.ly/3aRTRkw.

Office, C.S., 2019. Transport omnibus. https://www.cso.ie/en/releasesandpublications/ep/p-tranom/transportomnibus2019/vehiclelicensingandregistrations/.

Otmani, A., Benchrif, A., Tahri, M., Bounakhla, M., El Bouch, M., Krombi, M., et al., 2020. Impact of Covid-19 lockdown on PM10, SO2 and NO2 concentrations
in Salé City (Morocco). Sci. Total Environ. 735, 139541.

Pak, U., Ma, J., Ryu, U., Ryom, K., Juhyok, U., Pak, K., Pak, C., 2020. Deep learning-based PM2.5 prediction considering the spatiotemporal correlations: A case
study of Beijing, China. Sci. Total Environ. 699, 133561.

Pathan, M.S., Jain, M., Lee, Y.H., Al Skaif, T., Dev, S., 2021. Efficient forecasting of precipitation using LSTM. In: Proc. Photonics & Electromagnetics Research
Symposium. PIERS, IEEE, pp. 2312-2316.

Pathan, M.S., Nag, A., Dev, S., 2022. Efficient rainfall prediction using a dimensionality reduction method. In: Proc. IEEE International Geoscience and Remote
Sensing Symposium IGARSS. IEEE.

Pedersen, M., Giorgis-Allemand, L., Bernard, C., Aguilera, 1., Andersen, A.-M.N., Ballester, F., Beelen, R.M., Chatzi, L., Cirach, M., Danileviciute, A., et al., 2013.
Ambient air pollution and low birthweight: a European cohort study (ESCAPE). Lancet Respir. Med. 1 (9), 695-704.

Reports, G.-C.M., 2021. See how your community is moving around differently due to COVID-19. https://www.google.com/covid19/mobility/.

Sarkar, M., Das, A., Mukhopadhyay, S., 2021. Assessing the immediate impact of COVID-19 lockdown on the air quality of Kolkata and Howrah, West Bengal,
India. Environ. Dev. Sustain. 23 (6), 8613-8642.

Shen, J., Tang, A., Liu, X., Kopsch, J., Fangmeier, A., Goulding, K., Zhang, F., 2011. Impacts of pollution controls on air quality in Beijing during the 2008
Olympic games. J. Environ. Qual. 40 (1), 37-45.

Siddiqui, A., Halder, S., Chauhan, P., Kumar, P., 2020. COVID-19 pandemic and city-level nitrogen dioxide (NO2) reduction for urban centres of India. J. Indian
Soc. Remote Sens. 48 (7), 999-1006.

Sun, Z., Yang, L., Bai, X., Du, W., Shen, G., Fei, J.,, Wang, Y., Chen, A., Chen, Y., Zhao, M., 2019. Maternal ambient air pollution exposure with spatial-temporal
variations and preterm birth risk assessment during 2013-2017 in Zhejiang Province, China. Environ. Int. 133, 105242.

11


http://refhub.elsevier.com/S2352-9385(22)00143-4/sb1
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb1
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb1
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb2
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb2
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb2
https://openaq.org/#/countries/IE
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb4
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb5
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb6
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb6
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb6
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb7
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb7
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb7
http://dx.doi.org/10.1016/j.psep.2020.12.029
https://dublincityairandnoise.ie/monitors
http://dx.doi.org/10.1088/1748-9326/abb6a2
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb11
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb11
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb11
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb12
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb12
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb12
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb13
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb13
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb13
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb14
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb14
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb14
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb15
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb15
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb15
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb16
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb16
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb16
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb17
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb18
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb18
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb18
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb19
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb19
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb19
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb20
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb20
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb20
https://www.lboro.ac.uk/gawc/world2020t.html
https://www.stateofglobalair.org/
http://dx.doi.org/10.1016/j.envpol.2020.116011
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb24
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb24
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb24
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb25
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb26
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb26
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb26
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb27
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb27
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb27
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb28
https://www.irishmirror.ie/news/irish-news/year-covid-ireland-timeline-incredible-23585166
https://www.irishmirror.ie/news/irish-news/year-covid-ireland-timeline-incredible-23585166
https://www.irishmirror.ie/news/irish-news/year-covid-ireland-timeline-incredible-23585166
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb30
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb30
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb30
https://bit.ly/3aRTRkw
https://www.cso.ie/en/releasesandpublications/ep/p-tranom/transportomnibus2019/vehiclelicensingandregistrations/
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb33
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb33
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb33
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb34
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb34
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb34
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb35
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb35
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb35
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb36
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb36
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb36
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb37
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb37
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb37
https://www.google.com/covid19/mobility/
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb39
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb39
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb39
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb40
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb40
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb40
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb41
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb41
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb41
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb42
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb42
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb42

S. Kumari et al. Remote Sensing Applications: Society and Environment 28 (2022) 100835

Tobias, A., Carnerero, C., Reche, C., Massagué, J., Via, M., Minguillén, M.C., Alastuey, A., Querol, X., 2020. Changes in air quality during the lockdown in
Barcelona (Spain) one month into the SARS-CoV-2 epidemic. Sci. Total Environ. 726, 138540.

Venter, A.S., Aunan, K., Chowdhury, S., Lelieveld, J., 2020. COVID-19 lockdowns cause global air pollution declines. Proc. Natl. Acad. Sci. USA 117 (32),
18984-18990.

Weinmayr, G., Hennig, F., Fuks, K., Nonnemacher, M., Jakobs, H., Mohlenkamp, S., Erbel, R., Jockel, K.-H., Hoffmann, B., Moebus, S., 2015. Long-term exposure
to fine particulate matter and incidence of type 2 diabetes mellitus in a cohort study: effects of total and traffic-specific air pollution. Environ. Health 14
(D), 1-8.

Wu, Q., 2020. Geemap: A python package for interactive mapping with Google earth engine. J. Open Source Softw. 5 (51), 2305.

Wu, J., Orlandi, F., Gollini, I, Pisoni, E., Dev, S., 2021. Uplifting air quality data using knowledge graph. In: Proc. Photonics & Electromagnetics Research
Symposium. PIERS, IEEE, pp. 2347-2350.

Wu, J., Orlandi, F., O’Sullivan, D., Pisoni, E., Dev, S., 2022. Boosting climate analysis with semantically uplifted knowledge graphs. IEEE J. Sel. Top. Appl. Earth
Obs. Remote Sens. 15, 4708-4718.

12


http://refhub.elsevier.com/S2352-9385(22)00143-4/sb43
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb43
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb43
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb44
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb44
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb44
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb45
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb45
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb45
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb45
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb45
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb46
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb47
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb47
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb47
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb48
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb48
http://refhub.elsevier.com/S2352-9385(22)00143-4/sb48

	Spatio-temporal analysis of air quality and its relationship with COVID-19 lockdown over Dublin
	Introduction
	The study area
	Air pollutant data
	Analysis  results
	Nitrogen dioxide
	Sulphur dioxide
	Ozone
	Carbon monoxide
	Aerosol Optical Depth (AOD)
	Correlation analysis between parameters
	Time-series analysis

	Conclusions and future work
	Computer Code Availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


