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The COVID-19 pandemic has threatened city economies and residents’ public health and quality of life. Similar to
most cities, Melbourne imposed extreme preventive lockdown measures to address this situation. It would be
reasonable to assume that during the two phases of lockdowns, in autumn (March) and winter (June to August)
2020, air quality parameters, air temperature, Stface Urban Heat Island (gyHT) - and lighting energy consumption
most likely increased. As such, to test this assumption, Sentinel 5, ERA-5 LAND, Sentinel 1 and 2, NASA SRTM,
MODIS Aqua and Terra, and VIIRS satellite imageries are utilized to investigate the alterations of NO2z, SOz, CO,
UV Acrosol Index (JAT)  air temperature, SUHI, and lighting energy consumption factors in the City of Melbourne.
Furthermore, satellite imageries of SentiThe results indicate that the change rates of NOz (1.17 mol/m?) and CO
(1.64 mol/m?) factors were positive. Further, the nighttime SUHI values increased by approximately 0.417 °C
during the winter phase of the lockdown, while during the summer phase of the lockdown, the largest negative
change rate was in NOz (—100.40 mol/m?). By contrast, the largest positive change rate was in SOz and SUHI at
night. The SO: values increased from very low to 330 pm mol/m? and the SUHI nighttime values increased by
approximately 4.8 °C. From the spatial point of view, this study also shows how the effects on such parameters
shifted based on the urban form and land types across the City of Melbourne by using satellite data as a sig-
nificant resource to analyze the spatial coverage of these factors. The findings of this study demonstrate how air
quality factors, SUHI, air temperature, and lighting energy consumption changed from pre-lockdown (2019) to
lockdown (2020), offering valuable insights regarding practices for managing SUHI, lighting energy consump-
tion, and air pollution.

spatial pattern alterations. For instance, low vegetation coverage could
decrease evaporative cooling and increase the emitted heat from other

1. Introduction

In recent years, rapid urbanization has resulted in a significant in-
crease in anthropogenic heat released from human metabolism and
transportation. Consequently, energy usage in different sectors, mainly
housing, has increased, resulting in rapid alterations in the urban
climate. Urbanization has also contributed to land cover types and en-
ergy balance changes, particularly in dense urban areas. Land cover
alterations and their radiative and thermal properties play an important
role in Land Surface Temperature (LST), air temperature values, and

* Corresponding author.

types of urban infrastructure. Meanwhile, LST and air temperature
increment could intensify the energy consumption in buildings due to air
conditioning systems being used by building residents [2].

Moreover, LST and air temperature alteration are related to the
anthropogenic heat release caused by humans and their vehicles,
resulting in air pollution in the forms of Carbon Dioxide (CO3), Nitrogen
Dioxide (NO2), Sulfur Dioxide (SO2), and other types of aerosols [3-5].
The trade-off between temperature change (LST and air temperature)
and air pollution is more substantial during the hot summer and cold
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Abbreviations
UHI Urban Heat Island
CBD Central Business District

Amount of lighting Lighting accounts for around 10% of electricity
usage in households and 18%-40% of usage in commercial
premises [1] https://www.energyrating.gov.au/products
/lighting#:~:text=Overview

RS Remote Sensing

VIIRS Visible Infrared Imaging Radiometer Suite

GHG Green House Gases

WHO World Health Organization
W/m? Watt per square metre
LGA Local Government Area
SA2 Statistical areas (2)

TROPOMI Tropospheric Monitoring Instrument
ECMWF European Centre for Medium-Range Weather Forecasts

GEE Google Earth Engine

SAR Synthetic Aperture Radar

GRD Ground Range Detected

MSI Multispectral Instrument

DEM Digital Elevation Model

NRTI Near Real Time

NDVI Normalized Difference Vegetation Index
MNDWI Mean Normalized Difference Water Index

DNB Day/Night Band

NOAA  National Oceanic and Atmospheric Administration
NCEI National Centers for Environmental Information
NTL Nighttime Lights

NDBI Normalized Difference Built-up Index
CO, Carbon Dioxide

NO:2 Nitrogen Dioxide

SO: Sulfur Dioxide

winter days/months of the year. During the summer months, the heat
and radiation in the sunlight lead to the combination of the ozone and
other pollutants, such as NO,, resulting in poor air quality. During
winter, pollutants cannot escape and disperse in the dense colder air,
which moves slower than warm air and could trap the pollutants. Energy
consumption and air pollution have an influence on one another. Today,
compulsory building regulations, standards, and retrofits reduce build-
ings’ energy consumption, which could significantly minimize the need
for power generation. Similarly, improvements in industrial site effi-
ciency could result in significant emission reductions from fossil
fuel-based power generation [6].

Understanding the relationship between human activity and the
factors described above can be difficult due to the complexity of
isolating various inputs. Doing so also involves evaluating the impact of
meteorological conditions and the variations in built forms and land use
across geographical areas. However, an opportunity to explore this with
greater clarity has arisen unexpectedly due to the COVID-19 pandemic.

The coronavirus, later designated “COVID-19”, first emerged in late
2019 in Wuhan City, Hubei Province, China and was then declared a
pandemic by the World Health Organization (WHO) on March 11, 2020.
COVID-19 is an extremely transmissible virus that caused more than
14,000 deaths and 334,000 infections by March 23, 2020 [7]. By April
26, 2020, the death rate had reached 200,000 globally.

In response, governments implemented strict measures to reduce the
frequency and duration of face-to-face interactions and social gatherings
to slow down the spread of the virus. These measures substantially
changed the environment lighting energy consumption of the cities and
the pattern of human activities. For example, drastic reductions were
observed in the industrial (35%) and transportation activities (50%) in
the San Francisco Bay area during a COVID-19 lockdown [8]. Some
changes brought permanent alterations to urban areas (e.g. rededicating
street space for pedestrians and cyclists and working from home ar-
rangements even after COVID-19).

Many methods and models are available to study Urban Heat islands
(UHIs), temperature alteration, air pollution, and energy consumption
in cities. Those focused on addressing the spatial variations of the above-
mentioned factors have gradually improved to address the challenges
posed by their coarse spatial and limited temporal resolution, which
underestimate the temperature variation, especially in highly dense
urban areas where anthropogenic heat emissions are maximized [9].
Remote Sensing (RS) is an ideal tool to capture and monitor the tem-
perature, UHI, and air pollution at the fine spatial scale and assist
scholars in characterizing the spatial variation of UHIs better. However,
this exercise is only feasible under clear sky conditions [10].

The current study focuses on altering air pollution, air temperature,

Surface Urban Heat Island (SUHI) and lighting energy consumption
during pre-lockdown and lockdown phases in the City of Melbourne,
Victoria, Australia. By September 1, Australia’s death rate had reached
576, while 19,224 COVID-19 cases were confirmed [11]. Similar to
other citieis in Australia, Lockdowns in various phases were declared in
Melbourne on March 26, 2020. They initially lasted for more than 250
discontinuous days until July 31, 2021. Consequently, more than 1.3
million Victorians stayed home during this period. A report provided by
the Victoria state government Department of Health [12] acknowledges
that around 75% of Melbourne’s air pollution is because of vehicle
emissions caused by petroleum combustion and the burning of other
fuels (such as gas, wood, and coal). The burning gases include CO,
nitrous oxide, and particulates. When Melbourne faces light winds or
stable conditions, it will more frequently suffer from air pollution. The
comparison between Melbourne suburbs shows that those receiving sea
breezes and that are located close to coastal areas have better air con-
ditions. Furthermore, low-lying areas will have worse air conditions
than hilltop areas because pollutants tend to settle in valleys, especially
on calm nights. According to the Victoria state government Department
of Health report [12], the major forms of air pollution are summer and
winter smog, windblown dust, and smoke. During the summer days,
smog arises due to the effect of sunlight on airborne chemicals, resulting
in the production of photochemical oxidants. Winter smog appears when
pollutants build up around the city and are not blown away. In the
current study, Landsat 8, Sentinel 5, ERA 5-Land, Visible Infrared Im-
aging Radiometer Suite (VIIRS), and MODIS satellite imageries and
databases were used at the city level in the City of Melbourne to provide
information on the impact of the COVID-19 pandemic on urban tem-
peratures, SUHI, air pollution, and lighting energy consumption.

To our knowledge, this study is the first to assess the direct impact of
COVID-19 on factors in the City of Melbourne. Previous studies on the
environmental effects of COVID-19 have mainly focused on aerosols,
Green House Gases (GHG), LST, and other pollutants, such as NOz, in
different cities across the globe [13-15]. Studies on the effect of
COVID-19 lockdowns are limited, meaning reduced human activities,
such as energy and lighting consumption and its trade-off with LST, air
temperature, SUHI, and air quality parameters underexplored. Studies
in the literature could be classified into three main topics considering
this research’s main focus: (1) SUHI, human activity, and pandemic
lockdowns [16-25]. For instance, in the study conducted in Melbourne
by Wai et al. [34], authors mentioned that the UHI intensity was 1 °C
lower than the past five year’s averages during the July to August month
(Winter lockdown). This situation shows that the weekly cycle of
anthropogenic activity and pollution could influence the UHI signifi-
cantly [35,36]. (2)Air quality and pandemic lockdowns [26-33]. For
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example, Ryan, et al. [49] estimated the air quality and health impact of
the 2019-20 Black Summer megafires and COVID-19 lockdowns in
Melbourne and Sydney, Australia. The authors utilized a meteorological
normalization approach (Random Forest (RF) machine learning algo-
rithm) to exclude the effect of meteorological parameters. Ryan et al.
[50], stated that wind speed impacts air quality. This study also
demonstrated that the machine learning predictions provided a baseline
for examining the impact of the COVID-19 restrictions on air quality.
The authors also presented two-and-a-half years of measurements of
NO., formaldehyde (HCHO), glyoxal (CHOCHO), and Ozone (Os) in
Melbourne, Australia. Finally, (3) Energy consumption and pandemic
lockdowns [34-39]. These studies are generally indicating that
anthropogenic heat exacerbates SUHI and air pollution and increases air
and surface temperature in Central Business District (CBD)s by several
degrees Celsius (depending on the location and time of the year),
thereby affecting the energy consumption rate (particularly lighting) in
summer and winter.

As such, lockdowns such as th pose experienced in Melbourne could
potentially positively affect urban areas’ environment, ranging from
improved air quality to reduced anthropogenic heat generation, as air
pollution is the major contributor to urban overheating. The unprece-
dented situations arising from the pandemic provide an opportunity to
explore whether specific urban planning policies can contribute to
effective adaptation and mitigation of climate change.

In summary, this study aims to investigate the effect of lockdown in
Melbourne CBD on the air temperature variation, air quality, SUHI, and
lighting energy consumption. Accordingly, the summer (March) and
winter (June to August) months during lockdown were considered to
further investigate these factors.

The objectives of this study are as follows:
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1. To investigate the descriptive statistical status of air quality factors
(NO2, SOz, CO, and UV Aerosol Index (UAI)), air temperature, SUHI,
and lighting energy consumption during the summer and wintertime
pre-lockdown (2019) and during lockdown (2020) in the City of
Melbourne.

2. To analyze the spatial distribution of air quality factors (NOz, SO2,
CO, and UAI), air temperature, SUHI and lighting energy consump-
tion during the summer and wintertime pre-lockdown (2019) and
during lockdown (2020) in the City of Melbourne

3. To understand the most significant change rate considering air
quality factors during pre-lockdown (2019) and lockdown (2020).

2. Methodology
2.1. Study area

The area selected for study was the City of Melbourne (Fig. 1b and c),
which is a Local Government Area (LGA) of Melbourne located within
the broader area of Greater Melbourne (Fig. 1a)in "-37.81753° N" <>
“37.81753° S". . Melbourne CBD is located between —37.81753° N and
144.96715° E. The elevation range of the study area ranges from —100
m to 200 m, including coastal areas in the southern part of the city
(Fig. 1b and c). The City of Melbourne municipality covers 37.7 km? and
has a residential population of almost 184,000 (as of 2020). The area
contains the central business district (CBD) in the city center and a
number of inner suburbs that have distinctive characteristics, a range of
businesses and dwellings, and a variety of communities living and
working within them. Furthermore, approximately 972,000 people, on
average, use the city during weekdays [40]. Melbourne has a temperate
oceanic climate, hot summers, and mild winters (Koppen Climate Clas-
sification) [41]. The Koppen-Geiger climate classification in Melbourne
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Fig. 1. (a) Greater Melbourne area, its LGAs and suburbs; (b) City of Melbourne aerial image; (c) City of Melbourne Statistical areas (2) (SA2) boundaries.
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is ‘CFB,” which can be described as warm temperate, fully humid, and
warm summer. Melbourne’s average maximum and minimum temper-
ature values during summer are 25 °C and 14 °C, respectively. Mean-
while, the maximum and minimum temperature values during the
wintertime are 14 °C and 7 °C, respectively [40].

The City of Melbourne was selected as a case study for this research
because it is an ideal representative of the different types of urban forms,
land covers, travel modes, and anthropogenic heat as it is the destination
of many people from other areas of Melbourne to work, study, and enjoy
recreation. CBDs are the heart of economic, political, recreational, cul-
tural, and innovation activities In addition, Melbourne CBD was the area
most impacted by COVID-19 lockdowns (over 70% of people have
stopped or are visiting less) [42]. Online reports [43,44] have indicated
that various industries and public services might face decentralization
from the CBD due to the impact of COVID-19 lockdowns and that the
goal of a 20-min neighbourhood could be achieved in Melbourne CBD.
An examination of the City of Melbourne as a case study regarding this
study’s key factors could give city planners valuable ideas for formu-
lating mitigation strategies and designing implementation as they strive
for these goals and adjust to a new reality.
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2.2. Datasets description

The datasets and satellite imageries used in this study were analyzed
within the pre-lockdown (2019) and lockdown (2020) phases in non-
consecutive days of the summer month of March and the winter
months of July to August. The first lockdown started on March 26, 2020,
in Melbourne, and the second one was from July 9 until October 27.
Accordingly, only the available data during these months were consid-
ered for the summer and winter seasons. For instance, the focus on the
available data during the winter season was between July and August.
Given that the meteorological parameters are key factors affecting air
pollution concentrations [45], the details regarding the general meteo-
rological parameters, such as daily temperature, humidity, rainfall, and
wind speed, at the Melbourne Olympic Park weather station (as a the
key representative of the City of Melbourne meteorological status) are
presented in Fig. 2. Furthermore, the databases and satellite imageries
utilized in this study are provided in Table 1.

The air quality factors were measured by the Sentinel-5p Tropo-
spheric Monitoring Instrument (TROPOMI) mission of Copernicus ESA
with a spatial resolution of 3.5 x 7 km? [54]. The average monthly and
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Fig. 2. Available weekly meteorological factors at Melbourne Olympic Park weather station during the summertime pre-lockdown (March 2019) and lockdown 2020
(March 2020) (A). Available weekly meteorological factors at Melbourne Olympic Park weather station during the wintertime pre-lockdown (July to August 2019)

and lockdown 2020 (July to August 2020) (B) [46].
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Table 1
Datasets and satellite imagery utilized in this study.
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Factors Data source and  Satellite Factors Selected bands Spatial Temporal Data info link
satellite imagery resolution resolution
imageries products
Air quality Sentinel 5 NRTI/L3_CO Near real-time CO CO_column number_density http://www.
(TROPOMI tropomi.eu/
multispectral data-product
sensor) s/carbon-mon
oxide
L3_.NO: Near real-time NO:  TroposphericNOz_column_number _density ~ 3.5 x 7 km?  Daily http://www.
tropomi.eu/d
ata-product
s/nitrogen-d
ioxide
L3_AER Al Near real-time UAI  Absorbing_aerosol_index http://www.
tropomi.eu/d
ata-product
$/uv-aeroso
l-index
L3_SO: Near real-time SOz SO2_columnnumber_density http://www.
tropomi.eu/
data-product
s/sulphu
r-dioxide
SUHI MODIS (diurnal MOD11A1 Terra land surface LST Day_1 km 1 km Daily [471
and nocturnal) temperature and LST_Night_1 km
emissivity daily
global 1 km
MYD11A1 Aqua land surface
temperature and
emissivity daily
global 1 km
Urban lands Sentinel 1 S1_GRD C-band synthetic HH, HV, VV and VH 10 m Daily [48]
(utilized for aperture radar
SUHI ground range
calculation) detected and log
scaling
Sentinel 2 S2 Multispectral B4, B3 and B2 10 m 5 days [49]
instrument, Level-
1C
NASA SRTM Elevation SRTM digital Elevation 30 m _ [50]
elevation
Nighttime lights VIIRS VCMSLC_FG Stray light avg rad 500 m for Monthly [51,52]
(utilized for corrected composite
energy nighttime day/ images
consumption) night band
composites version
1
Air temperature ERA 5-LAND Monthly temperature_2 m Around 10 Average [53]
averaged by km monthly
hour of day- mean based
ECMWEF climate on each hour
reanalysis

daily data for the air quality parameters (CO, NOz, UAI, and SO2z) were
acquired from the Google Earth Engine (GEE) platform and presented in
charts and maps.

The LST data provided using MODIS satellite imageries in the GEE
platform were used to calculate the SUHI. The MODIS Terra and Aqua
satellites provide nighttime and daytime LST maps and charts with the
daily temporal and spatial resolution of 1 km. These LST values are
prepared with respect to the sensor data acquisition times. MODIS Terra
corresponds to ~10:30 a.m. (local solar time) in its descending mode
during the day and ~10:30 p.m. in its ascending mode during the night.
Furthermore, MODIS Aqua corresponds to ~1:30 p.m. in its ascending
mode during the day, and ~1:30 a.m. in its descending mode during the
night. In this study, MODIS LST data are mostly used to detect the daily
variation of the temperature during the pre-lockdown and lockdown
phases. The MODIS LST bands with a spatial resolution of 1 km were
utilized to map the average summer and wintertime LST for the City of
Melbourne during the lockdown and pre-lockdown phases in 2019 and
2020.

In the SUHI calculation, the urban lands were identified using

Sentinel 1 C-band Synthetic Aperture Radar (SAR), Ground Range
Detected (GRD), log scaling and Sentinel 2 Multispectral Instrument
(MSI), Level-1C and SRTM Digital Elevation Model (DEM). The differ-
ence between urban and rural temperatures and the mean rural tem-
perature were calculated, and the SUHI values were identified. The
ERAS5-Land (monthly averaged by the hour of the day- European
Centre for Medium-Range Weather Forecasts (ECMWF) climate rean-
alysis) and its related ‘temperature_2 m’ was utilized to calculate the air
temperature during the pre-lockdown and lockdown phases (winter and
summertime).

Finally, the VIIRS VCMSLC _FG stray light corrected nighttime day/
night band composites version 1 and the related band ‘avg rad’ were
utilized to calculate the lighting energy consumption.

3. Methods
The following sections explain the details related to each factor, the

corresponding factors, and the related analysis method. A summary of
the applied methods is presented in Fig. 3.
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3.1. Air quality factor calculation

Sentinel-5P TROPOMI was identified as a passive hyperspectral
nadir-viewing imager aboard the Sentinel-5 precursor satellite [55].

Since July 2018, TROPOMI has provided calibrated and near real-
time data (from the nadir-viewing spectrometer), which could be used
to assess air quality, including formaldehyde, aerosol, and CO, NO,, and
SO, [56]. Griffin et al. [57] and Lorente et al. [58] showed that the
TROPOMI measurement is relatively well connected with the actual
ground measurements and available crowd-sourced data n air quality
parameters. The TROPOMI products used were L3 Near Real Time
(NRTI) version products with a spatial resolution of 3.5 x 7 km? [54,59].
Sentinel-5P was located at an altitude of 817 km in an ascending mode
with an equator crossing time at 13:30 p.m. (local time) with daily
global coverage. Fig. 3 shows the key steps to generate maps and charts
for air quality factors.

After generating maps and diagrams for each air quality factor, the
change rate (concentration) was also calculated to present the percent-
age of the change in air quality factors in the City of Melbourne during
the lockdown and pre-lockdown periods of the summer and winter
months in 2019 and 2020. The variation change rate in the air quality
factors between March 26-31 (summer) and June to August (winter) of
2019 and 2020 was examined using Eq. (1), as follows:

Factor 2020- Factor 2019

Change rate = Factor 2019 x 100. (€8}

The average monthly change rate values of the air quality factors
were compared because the values of the air quality factors were
available on different days in the summer and winter seasons during the
pre-lockdown and lockdown periods. The trimmed mean function was
used after sorting the values from small to large to remove the effect of
outliers in the calculation process of the average available values of the
air quality factors, as follows:

Sl X @

Trimmed Mean = m

where N is the number of observations, P is the trimming per cent ob-
servations from the dataset, and Xi is the value of the related factor.

3.2. LST and SUHI calculation

The daily LST values during nighttime and daytime were provided by
the MODIS Terra (MOD11A1) MV6 and Aqua (MYD11A1) products in a
1200 x 1200 km grid [60]. Furthermore, the temperature values were
provided by the MOD11_L2 swath product. The temperature pixel value
was the average of all qualifying observations when the latitude of the
study area was above 30°, given that a few LST pixels could provide
multiple observations when the sky is clear. In addition, the quality
indicator layers were MODIS bands 31 and 32 and six observation layers
[47]. Furthermore, Wang, et al. [61] have validated MODIS LST prod-
ucts. In its comparison of the LST products (SUHI maps) with air quality
factors and lighting energy consumption, this study only focused on
MODIS Terra nighttime and MODIS aqua daytime.

The main steps for calculating the MODIS LST were similar to those
shown in Fig. 3. After providing the LST products with MODIS Aqua and
Terra, the urban areas were defined to generate SUHI products. The
urban land mapping was conducted using the proposed method of Sun
et al. [62]. The authors mainly used the ascending/descending orbits of
Sentinel-1A SAR data and Sentinel-2 MSI Level 1C in the GEE platform.
The yearly Normalized Difference Vegetation Index (NDVI) maximum
and modified Mean Normalized Difference Water Index (MNDWI) mean
composite was generated from Sentinel-2 imagery. Indeed, the time
series of the NDVI and the MNDWI is derived from a time series of
Sentinel-2 images. Multi-temporal NDVI indices were utilized to
generate a maximum composite NDVI, and after that, a mean reducer
was applied to the time series of MNDWI to generate the yearly average
value of MNDWI (MNDWI_mean).

Furthermore, the DEM is used for generating mountain masks (slope
image). Masks of vegetation, water and mountain pixels were obtained
by applying thresholds for NDVI_max, MNDWI_mean and slope image,
respectively. In the next step, the potential urban lands from Sentinel-1A
were utilized to extract the target urban land (TUL) through a threshold
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Fig. 4. Urban lands of Greater Melbourne in 2019 and 2020.

segmentation method. A final urban land was derived by applying a
three-by-three majority filter on the target urban land after masking
water, vegetation and mountains regions.

The proposed methodology of Sun et al. [62] was implemented in the
GEE platform in Greater Melbourne (link is attached) to identify the
urban lands. Fig. 4 shows the generated urban land areas in 2019 and
2020.

In the next step, SUHI was measured based on Eq. (3), which was
reviewed by Stewart [63] and Yao et al. [64] using ArcGIS pro software
[65] to account for the difference of LST between urban and rural areas.
The average LST of the rural areas was calculated and subtracted from
the LST of the urban areas considering all pixels.

SUHI =LST urban — LST rural. 3)

3.3. Air temperature calculation

The ERA5-Land was used to calculate the mean value of air tem-
perature in winter (July and August) and summer (March) for each
month and the total average air temperature for the available dates
during the winter and summer seasons during the lockdown and pre-
lockdown periods (2019 and 2020). The ‘temperature_2 m’selected as
a primary product of ERA5-Land, explains the air temperature at 2 m (in
Kelvin) above the land’s surface, sea, or in-land waters [53].

Similar steps for MODIS LST and air quality factor analysis (Fig. 3)
were considered to assess and calculate the air temperature values. The
band ‘temperature_2 m’ was selected, and the calculated air temperature
in Kelvin was converted into Centigrade in the last step.

3.4. Lighting energy consumption

The energy consumption was calculated based on the monthly
average radiance composite images using nighttime data from the VIIRS
Day/Night Band (DNB). The version 1 VIIRS-DNB monthly images were
obtained from the National Oceanic and Atmospheric Administration
(NOAA) National Centers for Environmental Information (NCEI).
Furthermore, each DNB pixel contained information on the mean
detected radiance (expressed in nanowatts/cm2/sr units) [66].

Many previous studies have demonstrated that the brightness of
Night Time Light (NTL) derived from satellite images is a good proxy for
identifying urban agglomerations and human settlements [67,68]. In
addition, the alteration of the brightness of NTL most likely reflects the
change in urban development. However, studies on the application of
NTL imageries on energy and lighting energy consumption, especially in
Australia, are still limited.

The monthly composites of the VIIRS NTL image during the pre-
lockdown and lockdown summer and winter seasons were used and
analyzed in the GEE platform to investigate the lighting energy con-
sumption. During the NTL image processing, pixels identified as sensor

calibration noise and with negative values and those with small radiance
values were removed. The pixels with small radiance values were
removed to reduce the impact of land surface albedo and vegetation
phenology on the NTL pixels. Therefore, similar to Falchetta and
Noussan [69] study, the pixel values below 0.25 were removed and set
to zero.

The unit of ‘avg_rad’ band of the VIIRS imageries (nanowatts/cm2/
sr) is not useful for comparing the light values for different city areas.
Therefore, Eq. (4) was used for each pixel based on Zhu and Blackborow
[70] and the PNGK [71] document:

1(nanowatts / cm2 / sr) =0.322 W. 4

Each pixel’s width value (15 arc seconds) at the equator was changed
to an arc second of longitude, which is approximately equal to an arc
second of latitude (approximately 30 m). In the next step, the steradian
SR of each pixel, which is the corresponding SI unit for measuring solid
angles, was multiplied by (1/2x) to generate a pixel that was reflected on
the flat surface. Finally, the nanowatts were converted into watts, and
the pixel value was multiplied by 0.322 to obtain the sum of all pixel
values within the selected city boundary.

4. Results and discussion
4.1. Air quality factors

The following sections present the statistical trends of the air quality
factors and the related maps of their mean values during the summer
and wintertime in the City of Melbourne during the pre-lockdown and
lockdown phases. Furthermore, the results of air quality factors are
compared with those of the other studies.

4.1.1. NO:

NO: is released into the atmosphere due to anthropogenic activities,
such as fossil fuel combustion and soil microbiological processes, wild-
fires, and lightning.

Fig. 5 depicts that the highest value of the available NO: during pre-
lockdown (0.313 mol/m?) was higher than the highest available NO-
value during the lockdown (0.128 mol/m?) in March. In addition, the
minimum values of NO: during lockdown and pre-lockdown are 0.070
and 0.078 mol/m?, respectively, and close to each other. The compari-
son between the mean value of NO: during the lockdown and pre-
lockdown summertime showed that the mean NO: value decreased
from 0.165 mol/m? from the pre-lockdown (March 2019) phase to
0.082 mol/m? during the lockdown phase (March 2020). The higher
amount of NOz during the summer of 2019 aligns with the findings of
Ryan et al. [72]. The authors suggested that temperature is one of the
most important meteorological factors controlling pollutant concentra-
tions. The high temperature observed during March 2019 compared
with March 2020 [73,74] indicates that higher temperatures are
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responsible for the higher number of NO: concentrations during summer
(March) 2019. The reduction in mean NO: value during summer can be
related to the complex photochemical reactions, which occur under the
influence of solar radiation [75]. The decrease in the transportation
sector emissions was primarily affecting the NO2 reduction.

By contrast, the mean NO: values during the wintertime lockdown
and pre-lockdown phases slightly increased from 0.088 mol/m? to
0.089 mol/m?. Furthermore, while the mean NO values increased from
0.091 mol/m? to 0.104 mol/m? during the month of July in winter, the
NO: values reduced in August. During winter, the lockdown started on
July 9, and the NO: values were higher than those of the previous year
(pre-lockdown). Notably, during winter, the NOz would be in the air for
longer than during summer, resulting in air pollution. Furthermore, the
number of people that stayed home increased during the lockdown.

Consequently, energy usage for heating also increased. Another
reason for the increase in the NO: values during lockdown could be
temperature inversion. During inversion, the dense layer of cold air is
trapped under the warm air layer, which keeps pollutants in the cold air
near the ground.

Figs. 5 and 6 show that NOz covered most areas within the range of
100-110 Mm mol/m? during the pre-lockdown period in March. How-
ever, during the lockdown, the values were reduced to 30 Mm mol/m?.
Furthermore, near the Fishermen’s Bend shipping and cargo precinct,
the southwestern areas experienced the most significant drop in NO2
values due to traffic emission reduction, which aligns with Talbot et al.
[76] and Patel et al. [77].

During the winter months of July and August, most areas were
covered by NO2 with values of 50-60 Mm mol/m?, lower than during the
summer’s pre-lockdown. During the lockdown, the most dominant NO:
values were within the range of 60-70 Mm mol/m?, which negligibly
increased (10 Mm mol/m?) compared with the pre-lockdown phase.
Furthermore, the CBD areas during the lockdown and pre-lockdown had
higher NO: values than the other locations in the City of Melbourne.
Some main reasons for the increase of NO2 during the lockdown in the
CBD could be related to temperature inversion and the prevalence of
high-rise buildings, resulting in the trapping of NO: in those areas. The
NO: geospatial status in Melbourne CBD can be related to Talbot and
Lehn [78]. The authors mentioned that operating diesel-fueled bus
services for the use of essential workers represented a major contribu-
tion to the NO: concentrations, especially along busy urban canyons.

In summer, the NO: values during lockdown from 2019 to 2020
decreased (40%-50%). However, the NO2 values in most areas in winter
increased during lockdown from 2019 to 2020. Notably, the food in-
dustry precinct on the western side of the suburb of Kensington and the
harbour suburb of Docklands increased in NO:z values by more than 40%
during the lockdown.
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4.1.2. CO

CO is considered a major atmospheric pollutant in certain urban
areas. CO contains the combustion of fossil fuels, biomass burning, and
atmospheric oxidation of methane and other hydrocarbons [79].

Fig. 7 indicates that the highest value of CO during lockdown (0.023
mol/m?) in March was higher than the highest CO value during pre-
lockdown (0.019 mol/m?). In addition, the minimum CO values dur-
ing lockdown (0.021 mol/m?) were higher than the minimum CO value
during pre-lockdown (0.017 mol/mz). Fig. 7 shows that the mean value
of CO increased from 0.018 mol/m? to 0.022 mol/m? during March for
the pre-lockdown (2019) and lockdown (2020) phases. Similar to
summertime (March), the mean CO values slightly increased from 0.021
mol/m? to 0.022 mol/m? from pre-lockdown (2019) to lockdown (2020)
during winter. The increase in CO values in July and August was also
negligible.

The CO alterations were insignificant despite their increase, espe-
cially in summertime (approximately 23%). As discussed in Hernandez-
Paniagua et al. [80], this finding could be related to the burning of
natural gas during the lockdown when people stayed at home.
Furthermore, a slight increase in CO during lockdown was found by
Tello-Leal and Macias-Hernandez [81] in their study in Mexico. In the
aforementioned study, the constant decrease in temperature (similar to
the Melbourne March 2019 and March 2020 temperature comparison)
resulted in a slight increase in CO concentration levels. This could also
be related to the presence of rainfall. In the City of Melbourne, the
average of rainfall in the targeted weather station (Melbourne Olympic
Park) during March 2020 was lower, resulting in a higher amount of CO
during the summer lockdown (2020).

An increase in CO values during lockdown was detected by Zhou
et al. [82] in south China due to fire emissions; however, the results of
the current study contrast with those findings. Based on the City of
Melbourne emission reduction document [83], the number of emissions
will reduce according to the emission reduction pathway. The CO values
increased during the lockdown while emissions were reducing, mainly
affected by the meteorological parameters, such as wind and
temperature.

Fig. 8 shows the slight difference between the CO values in the
different areas during the pre-lockdown phase. Most southeastern areas
had mean CO values between 17 Mm mol/m? and 18 Mm mol/m?
However, the mean CO values of these areas during the lockdown
increased to the range of 20-21 Mm mol/m? The highest CO values
during the pre-lockdown phase in March were spatially distributed in
the southwest near the Port Melbourne neighbourhood and Fishermen’s
Bend area. However, the spatial distribution of the highest CO values
ranging from 22 Mm mol/m? to 23 Mm mol/m? covered the city’s
northern parts during the lockdown, where most parks and grasslands
are located. In addition, the LST values of the northern parts of the City
of Melbourne (for instance, the Flemington Racecourse horse track)
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Fig. 7. Available CO values (mol/m?) for summertime (March) (a) and the monthly mean CO values (b) during the pre-lockdown (2019) and lockdown (2020) at
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2019 (pre-lockdown), (d) winter 2020 (lockdown), (e) mean CO change rate (%) between pre-lockdown and lockdown during summer and (f) mean CO change rate

(%) between pre-lockdown and lockdown during winter.

during lockdown 2020 were 3 °C lower compared with the March pre-
lockdown phase (2019). As previously mentioned, the lower tempera-
ture (LST) values resulted in higher CO values during the summer
lockdown in 2020.

During the lockdown, the lowest range of CO values (17-18 Mm
mol/m?) mostly covered the southern areas of the City of Melbourne,
where high-rise buildings, Docklands harbour and the Yarra River are
located.

Fig. 8 also reveals that the CO values increased during winter (pre-
lockdown and lockdown) compared summertime. The increasing CO
emissions could be attributed to vehicle cold starts and reduced fuel
combustion efficiency [84]. In addition, people are more likely to use
heaters in winter, especially at home during the lockdown, thereby
increasing the CO values in winter.

During the winter lockdown, more areas were covered by the CO
values within the range of 23-24 Mm mol/m?. The difference between
mean CO values during the winter pre-lockdown and winter lockdown

10

phases was negligible at only 1 Mm mol/m?2.

The highest positive change rate (17%) during summer was detected
in the southeast and northern areas, where more green areas are located.
However, the positive CO change rate during winter had a lower per-
centage (3%-5%) in the northern areas. The temperature (LST) in the
northern areas during winter lockdown (2020) is 2 °C higher, whilst the
CO values are slightly higher (0.19) Mm mol/m? in those areas. The
relationship between temperature (LST) and CO values in the northern
areas contrasts with the summertime.

One main reason for the high concentration of CO in green areas
could be related to the wind direction. Amorim et al. [85] indicated that
the CO emission level at the pedestrian level increased when the
incoming wind direction was approximately 45° due to the trees’ impact
on the exchange rates with the air above the roof level.

4.1.3. SO:
SO: enters the Earth’s atmosphere naturally and by anthropogenic
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processes. SOz mainly has an anthropogenic origin, and 30% of emitted
SOz comes from natural sources. The significant adverse effect of SO: is
related to the formation of sulphate aerosols. Fig. 9 shows the compar-
ison between the SO: values during the pre-lockdown and lockdown
phases indicates that the mean SO2 (330 pm mol/m?) value during the
lockdown was slightly higher compared with during the pre-lockdown
(-330 pm mol/m?). The negative SO values are artefacts of the
retrieval process and are normally connected to the SO: retrievals over
highly reflective surfaces. While negative values are not actual values,
the measurements are still valid and should not be discarded during the
pre-lockdown in the summertime (March 2019). Meanwhile, the mean
SO: values decreased from pre-lockdown to lockdown (from 570 pm
mol/m? to 460 pm mol/m?) during winter (except in July, where the
available SOz in 2019 was less).

The reduction in SO: during winter is mostly associated with the
reduction in industrial activities and vehicle traffic. In addition, the
amount of incineration and commercial ship activity significantly
reduced due to the lockdown, thereby contributing to SO emissions.
The two possible reasons for the higher SO2 values during the lockdown
than pre-lockdown are as follows. Firstly, implementing government
lockdown restrictions required two to three days of lag time. Secondly,
some government offices were still open during the lockdown, and some
essential workers were still commuting to the city.

Fig. 10 shows that the highest values of SOz (410 pm mol/m?) and
the dominant range (475-675 pm mol/m?) during pre-lockdown were
spatially distributed on the west side of the city, near Fishermen’s Bend
and the loading docks. These areas had higher SO: values mainly
because of the heavy vehicle traffic. During the lockdown, the highest
SO: values slightly increased (310 pm mol/m?). The maximum SO
values during the lockdown were spatially distributed in the southwest
of the city, where most high-rise buildings are located. The higher SO2
values during the lockdown in these areas are similar to the findings of
Zheng et al. [86], who mentioned that the SO2 shows a strong positive
correlation with road density and LST. Furthermore, in this case, it
should be acknowledged that SO: can easily be produced under high
temperature and humidity conditions, as reflected in the meteorological
parameters of Melbourne during the pre-lockdown and lockdown sum-
mertime (Fig. 2).

During winter and pre-lockdown, the highest SOz values (ranging
from 675 pm mol/m? to 1060 pum mol/m?) were mostly spatially
distributed in the southeast, where high-rise buildings are located. By
contrast, the highest SOz values ranging from 475 pm mol/m? to 675 pm
mol/m? during lockdown were spatially distributed in the southwest
around the loading dock areas. Furthermore, more areas were covered
with a higher range of SOz values during the lockdown.

The change rate values show that the SOz reduction during summer
was evident primarily in the areas near the Fishermen’s Bend, where the
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vehicle and truck traffic were reduced due to the lockdown. Meanwhile,
the SO values increased during the lockdown in areas with high-rise
buildings due to the heating and cooling system usage. The lower
levels of the buildings demonstrated a much higher pollution rate than
the upper floors, especially in areas with weak winds. The SO distri-
bution and other air pollution factors in an urban environment depend
on the architectural layout, the proximity to green space, and the wide
spaces between the buildings that promote better circulation of the air
pollutant dispersion [87]. The proximity of neighbourhoods to indus-
trial land uses is another factor that affects the spatial distribution of SO2
change rate during winter. During the winter lockdown, the south-
eastern suburbs were affected mainly by the Southbank industrial areas.
Abdullahi et al. [88] also mentioned other factors contributing to this,
such as the residents’ income and their ability to purchase cooling and
heating systems.

4.1.4. UAI

UAI indicates the presence of elevated absorbing aerosols in the
Earth’s atmosphere. The positive values of the Aerosol Index represent
the absorbing aerosols (dust and smoke), whilst the small or negative
values denote the non-absorbing aerosols and clouds.

The aerosol types primarily seen in the UAI are desert dust and
biomass-burning aerosols. The Aerosol Index calculation is based on the
wavelength-dependent changes in Rayleigh scattering in the UV spectral
range, where ozone absorption is very small [89].

Aerosols are particles formed by solid or liquid particles dispersed
and suspended in the air. Furthermore, aerosols contain soil particles,
industrial dust particles, particulates emitted by vehicles, micro-
organisms, plant spore powders, and other components.

Kumar [90] suggested that COVID-19 might transmit over long dis-
tances in open spaces through aerosols. COVID-19 could be dissolved
with the aerosol and become bio-aerosols, which range from 1.0 pm to
5.0 pm and can travel hundreds of meters or more.

Fig. 11 indicates that in March, the highest absolute value of avail-
able aerosols during pre-lockdown (]|2.93|) was higher than the highest
absolute available aerosol value during lockdown (|1.421|). Further-
more, the minimum absolute value of aerosols during the pre-lockdown
(]0.453]) was lower than the minimum absolute value during the lock-
down (|0.814|). The comparison between the absolute mean value of
aerosols during the lockdown and pre-lockdown (summer) showed that
the mean absolute aerosol value increased by approximately 0.009.

Similar to summertime (March), the mean absolute value of aerosols
during winter slightly increased from |1.073| to |1.274|. Furthermore,
the highest increase in the absolute mean value of aerosols was in July,
with a change rate of 23.78%.

The number of aerosols increased significantly during the summer
lockdown than during the winter lockdown. During the winter lockdown
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Fig. 9. Available SO: values (mol/m?) for summertime (March) (a) and the monthly mean SO: values (b) during the pre-lockdown (2019) and lockdown (2020) at

1:00-1:30 p.m.

11



E. Jamei et al.

SO2 ((um mol/m”2)

275

75

|1

-325

5 35 55 75

Energy Strategy Reviews 44 (2022) 100963

T S S S K ilometers

0

2,75 55

1 16.5

22

Fig. 10. Spatiotemporal distribution of the mean SO2 (ym mol/m?) over the City of Melbourne: (a) March 2019 (pre-lockdown), (b) March 2020 (lockdown), (c)
winter 2019 (pre-lockdown), (d) winter 2020 (lockdown), (e) mean SOz change rate (%) between pre-lockdown and lockdown during summer and (f) mean SO:
change rate (%) between pre-lockdown and lockdown during winter.

Al Values

0.000

-0.500

-1.000

-1.500

-2.000

-2.500

-3.000

-3.500

(@)

g

DAI Values summer 2019

@AI Values summer 2020

26-

Mar-19 | Mar-19

27-

{DAI Values summer 2019 -0.826 | -0.610

BAI Values summer 2020

-1.087

-1.048

28-
Mar-19 |
-0.691 |
-1.042

29-
Mar-19
-0.453
-0.814

Mar-19
-2.933
-1.315

31- Al
Mar-19 | Mean
-L16l | -1112
-1.421 | -1.121

(b)

0.000
-0.200
. -0.400
E -0.600
3 Yo
= -1200
-1.400
-1.600

Mean

winter

July August Al

values

OMean Al values 2019 | -1.083 -1.063 -1.073

BMean Al Values 2020 -1.340 -1.208 -1.274

OMean Al values 2019
@Mean Al Values 2020

Fig. 11. Available UAI values for summertime (March) (a) and monthly mean UAI values (b) during the pre-lockdown (2019) and lockdown (2020) at 1:00-1:30

p.m.

12



E. Jamei et al.

Aerosols

Energy Strategy Reviews 44 (2022) 100963

Aerosol Change (%)
13 23 33 43 53 63 73 83 93 103
— — Kilometers
0 2.5 5 10 15 20

Fig. 12. Spatiotemporal distribution of the mean UAI over the City of Melbourne: (a) March 2019 (pre-lockdown), (b) March 2020 (lockdown), (c) winter 2019 (pre-
lockdown), (d) winter 2020 (lockdown), (e) mean UAI change rate (%) between pre-lockdown and lockdown during summer and (f) mean UAI change rate (%)

between pre-lockdown and lockdown during winter.

(especially August), the aerosol values increased due to the higher
number of bushfires affecting Greater Melbourne, thereby adjusting the
volume of burned biomass in the air. In addition, the harvest time in
Melbourne and Victoria did not overlap with the lockdown phases
(summer and winter). Thus, the number of aerosols did not increase due
to harvesting and crop residue burning.

Fig. 12 shows that most areas during the March pre-lockdown were
covered by aerosol absolute values lower than |0.56|. However, the most
dominant absolute values of aerosols during the lockdown were within
the range of (|0.96|-|0.86|), representing an increase in the aerosols’
absolute values. The results are similar to the study of Chi et al. [91]. The
authors mentioned that the increased values of PM=.s as one of the UAI
pollution factors could be related to the mass demonstrations and pro-
tests that occurred in response to the lockdown and government policies.

The southwestern areas have higher absolute values during the
lockdown. Furthermore, the aerosol change rate is higher in areas near
Docklands harbour than in the suburb of Port Melbourne. The increasing
absolute values of aerosols are related to the land use types in those
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areas, mainly industrial. According to WMO [92], urban/industrial
emissions are primary sources of aerosols.

Most areas during the pre-lockdown wintertime were covered by
aerosol values ranging from |0.76| to |0.86|), which are higher than
those during the pre-lockdown summertime. During the winter lock-
down, the most dominant absolute aerosol values were within the range
of |1.06|—|1.16]|, which negligibly increased compared with the sum-
mertime lockdown. The southwestern areas have higher aerosol values
than the other locations. The higher aerosol values in these areas
(mainly construction areas) were also reflected in Xie and Sun [93],
where a positive correlation was detected between Normalized Differ-
ence Built-up Index (NDBI) and Aerosol Index.

The comparison between the change rate of aerosol absolute values
during the summer and winter shows that the spatial alteration of
aerosol is slightly more important during summer, especially in areas
covered mostly with impervious surfaces (e.g. the west side of the City of
Melbourne). According to Oke [94], warmer urban surfaces with a
higher LST could emit a larger upward longwave radiation, promoting
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the heating of the atmosphere through the absorption of the aerosols and
the subsequent re-emission of the longwave radiation. As such, the
UHI-related warm temperature promoted the turbulent dispersion of
aerosol particles in the urban areas [95] that can be seen in the south and
southwestern parts of the City of Melbourne.

This situation is also comparable with Talbot et al. [76], who
mentioned that domestic heating is the main reason for the Aerosol
Index increment. Talbot et al. [76] also explained that the PM;, and
Aerosol Index concentrations are affected by sea salt near coasts, dust
and resuspended road dust, and wood smoke from wood burning for
fuel, which can be seen in the southwestern areas of the City of Mel-
bourne in Fishermen’s Bend and Docklands, which are near the coast.
The Fishermen’s Bend area has a few timber suppliers and warehouses
that could cause wood dust that would affect the UAI concentration in
that area.

Similar to the other air quality factors, the UAI is affected by mete-
orological parameters, such as higher winds, which can bring high sea
salt concentrations, thus elevating UAI mass across coastal areas [96].
This situation is more evident during the summer, with the UAI index
being slightly higher during the lockdown summertime when the
average wind speed was slightly higher (10.1 km/h) compared with the
pre-lockdown summer (9.4 km/h) [46]. During the winter, lower wind
speeds can help elevate the UAI concentrations due to home heating
sources, which appears to be the case for the Melbourne CBD area where
high-rise residential buildings are located. Household emissions
increased during the lockdown because of higher home occupancy
compared with during the pre-lockdown phase.

Fig. 13 shows an overview of the change rate between the different
air quality factors. Among the various factors, the highest percentage of
positive change rates from pre-lockdown to lockdown belonged to
aerosol and CO in the summertime, whereas the lowest percentage
belonged to SOz and NO..

4.2. SUHI

The SUHI alteration during the available days of the March and
winter months was investigated using MODIS Aqua and Terra’s daytime
and nighttime LST bands, with the City of Melbourne as the research
area and the mean LST values collected from rural areas. The mean value
of the calculated SUHI was studied monthly by the hour. The change in
SUHI was investigated at 1:00-1:30 p.m. (post-midday) and
10:00-10:30 p.m. (nighttime). The SUHI alteration from pre-lockdown
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to lockdown is presented in Fig. 14. This figure shows that the mean
SUHI values in March (summer season) increased during the post-
midday and nighttime (1:00-1:30 p.m. and 10:00-10:30 p.m.) by
approximately 0.278 °C and 4.808 °C, respectively. This is related to the
heat emission in hot summer months and air conditioning systems,
especially at night. These results align with Chakraborty et al. [20]
conducted in north India, which reported that the SUHI increased during
the lockdown whilst human activity declined. The aforementioned re-
sults are in contrast with the findings of El Kenawy et al. [97], Hidalgo
Garcia and Arco Diaz [98], Alqasemi, et al. [99], Cai, et al. [100] and
Shikwambana et al. [101], who found that the nighttime SUHI intensity
in the Mediterranean and Spanish cities and South Africa decreased
during the lockdown. The authors reported that the decline in the
nighttime SUHI intensity could be attributed to the improvement in air
quality during the lockdown. As such, the increase in nighttime SUHI in
the City of Melbourne can be attributed to those air quality parameters
whose values increased during the lockdown (UAI and CO). The most
significant increase in SUHI values was on 31 March (summertime)
during the night (10-10:30 p.m.) (approximately 7.15 °C). The main
reason for the increase in the SUHI values is because the initial lockdown
stage was on March 27, and many people and retail shopping centers
were still using air conditioning systems.

Furthermore, people were still commuting to the city, resulting in
anthropogenic heat remaining standard. Evidently, SUHI is a mutual
phenomenon with a complex interaction between a wide variety of
physical and anthropogenic processes, such as wind speed and relative
humidity. El Kenawy et al. [97] highlighted how the dynamics and
impacts of SUHI can significantly vary depending on the time of day and
type of land and buildings, such as green areas and building material.
Further, Chakraborty, et al. [20] proposed that the lockdown-induced
anthropogenic pause could potentially affect the natural variability,
cloud cover, rainfall, LST, and SUHI.

In this study’s examination of the City of Melbourne’s lockdown-
induced anthropogenic pause, it was apparent that the SUHI value in
winter was altered differently compared with that in the summer. Dur-
ing the winter months, the mean SUHI value was negligibly reduced at
1:00-1:30 p.m. (approximately 0.03 °C). By contrast, the mean SUHI
value at 10:00-10:30 p.m. increased to approximately 0.417 °C. The
most significant increase in the mean SUHI values during winter was
observed in July at 10:00-10:30 p.m., which is related to the con-
sumption of a large amount of energy for heating systems in the resi-
dential areas.

Change Rate (%) from pre-lockdwon to lockdown during
summer (March) and winter

Mean summer SO2 values

Mean summer NO2 values |

Mean winter SO2 values

Mean winter NO2 values

Mean winter CO values

Mean winter aersol values

Mean summer CO values

Mean summer aerosol values

-70 -50

-10 10 30 50

Fig. 13. Air quality factor change rate from pre-lockdown to lockdown phase during the summer (March) and winter months (July and August).
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Fig. 14. SUHI values (°C) during March the pre-lockdown (2019) and lockdown (2020) at 1:00-1:30 p.m. (a); SUHI values (°C) during March the pre-lockdown
(2019) and lockdown (2020) at 10:00-10:30 p.m. (b); mean SUHI values (°C) during the winter pre-lockdown (2019) and lockdown (2020) at 1:00-1:30 p.m.
(c), and mean SUHI values (°C) during the winter pre-lockdown (2019) and lockdown (2020) at 10:00-10:30 p.m.) (d).

Fig. 14 shows that the most dominant range of the SUHI value during
the summer (1:00-1:30 p.m.) pre-lockdown was between 0.5 °C and
1 °C, covering the inner east areas of the city. The lowest SUHI values at
this time were spatially distributed in the east southern, and western
areas, where high-rise buildings (CBD) and Fisherman’s Bend are
located. The highest SUHI values ranged between 2 °C and 2.5 °C and
were spatially located in West Footscray, Coode Island, Royal Park, and
Flemington Racecourse in the northeastern and western parts of the city.

At the start of the lockdown, the SUHI values during March
(1:00-1:30 p.m.) increased in all areas. The high SUHI values during
lockdown at 1:00-1:30 p.m. spatially create a cluster that connects the
city’s inner suburbs to the west (such as West Footscray) and the
northwest (such as Kensington) suburbs. These areas are mostly covered
by impervious surfaces, causing them to become hotter during summer.
Firozjaei et al. [102] showed that the percentage of impervious surfaces
could be a suitable factor to indicate the degree of human activity.
Increasing the impervious surfaces will reduce the evapotranspiration
and increase the LST and SUHI intensity. In fact, more heat can be
absorbed during the summertime by impervious surfaces compared with
during winter because the sunshine duration is longer, and the direct
solar radiation is larger. This situation results in the use of more
air-conditioning units for temperature reduction.

Fig. 15 displays that the SUHI values during March’s nighttime
(10:00-10:30 p.m.) mainly increased in the southeast areas (Docklands
Harbor), with a value ranging between 3.5 °C and 5 °C. In addition, the
east-side areas that comprise mostly high-rise buildings and shopping
centers have lower SUHI values (<1.5 °C). The SUHI values at nighttime
(10:00-10:30 p.m.) increased in most parts of the city, except the
southeast areas. The highest range of SUHI values (3 °C-4 °C) was
spatially distributed in the southeast and west parts of the city.
Furthermore, the SUHI value’s increment in March (1:00-1:30 p.m.)
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mostly occurred on the northern side of the city, which is contrary to the
increment at 10:00-10:30 p.m., which mainly occurred in the southeast
and west areas. The SUHI increment due to lockdown in March
(10:00-10:30 and 1:00-1:30 p.m.) was significant in areas with more
impervious surfaces.

In wintertime, the highest range of SUHI values (3 °C-3.5 °C) during
the pre-lockdown phase (1:00-1:30 p.m.) covered the inner and west
sides of the city, similar to during the March lockdown (1:00-1:30 p.m.).
Furthermore, most areas covered by the impervious surfaces in the west
and high-rise buildings had lower SUHI values during the winter lock-
down (1:00-1:30 p.m.) than during the pre-lockdown phase.

The SUHI values in wintertime (10:00-10:30 p.m.) decreased to
below 1.5 °C. The SUHI values between 1 °C and 1.5 °C were the most
dominant range during the wintertime pre-lockdown (10:00-10:30 p.
m.). The lowest SUHI values were mostly scattered on the west and
southwest side of the city, where Docklands Wharf and other large-scale
impervious surfaces are located. Meanwhile, the SUHI values were
slightly higher on the southern east side, where high-rise buildings are
located, with values between 1.5 °C and 2 °C. During the winter lock-
down (10:00-10:30 p.m.), the SUHI values in the southeast and west
areas increased with the rise in energy demand and consumption in
residential areas. The SUHI values also increased in the northern parts of
the city. However, the alteration was negligible due to the generally
cooler weather pattern.

4.3. Air temperature

The mean value of the air temperature based on the monthly by-hour
ECMWF and ERAS5 LAND satellite imageries were calculated to inves-
tigate the alteration of the air temperature. The air temperature alter-
ations were investigated at 1:00-1:30 p.m. and 10:00-10:30 p.m.
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Fig. 15. Spatiotemporal distribution of mean SUHI (°C) over the City of Melbourne: (a) March 2019 (pre-lockdown) (1:00-1:30 p.m.), (b) March 2020 (lockdown)
(1:00-1:30 p.m.), (c) March 2019 (pre-lockdown) (10:00-10:30 p.m.), (d) March 2020 (lockdown) (10:00-10:30 p.m.), (e) winter 2019 (pre-lockdown) (1:00-1:30 p.
m.), (f) winter 2020 (lockdown) (1:00-1:30 p.m.), (g) winter 2019 (pre-lockdown) (10:00-10:30 p.m.) and (h) winter 2020 (lockdown) (10:00-10:30 p.m.).

Fig. 16 indicates that the air temperature in March (pre-lockdown)
decreased from 17.92 °C to 16.05 °C at 1:00-1:30 p.m. Furthermore, the
air temperature values decreased from 15.62 °C to 14.04 °C at
10:00-10:30 p.m. The decreased air temperature values at 1:00-1:30 p.
m. were slightly higher than those at 10:00-10:30 p.m.

Similar to summertime, the air temperature decreased in the winter
months from the pre-lockdown to the lockdown phase. The most
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significant air temperature value drop was in July from 9.42 °C to
8.47 °C. The highest change rate (—12.65%) and air temperature
reduction during winter were for the month of July at 10:00-10:30 p.m.
The most significant air temperature reduction during the winter and
summer months was in July, followed by March.

The City of Melbourne has witnessed a sudden reduction in anthro-
pogenic activities for more than 60 days. The major sources of
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Fig. 16. Alteration of the monthly mean air temperature values (°C) for summertime (a) and the monthly mean air temperature (°C) wintertime values (b) during

pre-lockdown (2019) and lockdown (2020) at 1:00-1:30 and 10:00-10:30 p.m.

anthropogenic heat are air quality parameters, transport services, in-
dustrial activities, and household cooking. Anthropogenic heat is well-
known as an effective parameter to represent rising urban tempera-
tures and the shaping of a warm air canopy over the city, thereby
increasing the ambient air temperature by several degrees Celsius.

4.4. Lighting energy consumption

In this study, the lighting energy consumption analysis was based on
the VIIRS nighttime monthly images with s satellite acquisition time of
10:00-10:30 p.m. Fig. 17 presents the alteration of energy consumption.

Fig. 17 indicates that the highest lighting energy consumption during
the pre-lockdown and lockdown was in July. However, the lowest
lighting energy consumption showed a different situation between the
two phases. During the pre-lockdown phase, the lowest lighting energy
consumption was in March, while during the lockdown, it was in August.

Furthermore, the highest change rate and reduction in lighting en-
ergy consumption from pre-lockdown to lockdown were in August
during winter. By contrast, the lowest change rate value and a negligible
increase in lighting energy consumption were detected in March.

Fig. 18 reveals that the highest value of lighting energy consumption
(52 W) and the dominant range (25-35 W) during the pre-lockdown was
spatially distributed on the city’s southwest side, which is near West
Footscray, the logistics depot, Coode Island, and loading docks. These

40

Lighting average value 2019
(pre-lockdown) (Watts)

Lighting average value 2020
(Lockdown) (Watts)

areas had higher lighting energy consumption values mainly because
they consume more lighting than other areas due to safety concerns.
During the lockdown, the highest value of the lighting energy con-
sumption increased to 65 W. During the lockdown, the dominant range
of energy consumption values (35-45 W) was spatially distributed in the
inner parts of the city, where most high-rise buildings and loading docks
are located. The difference between pre-lockdown and lockdown energy
consumption reflected the shift toward more people staying in their
houses during lockdown; accordingly, their consumption rate of lighting
energy increased. Furthermore, the highest lighting energy consumption
change rate was detected in the northwest portion, where the Fle-
mington Racecourse is located, with the highest consumption during
nighttime.

During the winter and pre-lockdown, the highest energy consump-
tion values (>35 W) were mostly spatially distributed on the southeast
and west sides, where the high-rise buildings and loading docks are
located. Similar to the pre-lockdown, the spatial distribution of the
highest lighting energy consumption values (>35 W) was in the south-
east and west. However, the total lighting energy consumption was
reduced in these areas from pre-lockdown to lockdown.

The change rate values demonstrate that the lighting energy con-
sumption rate mainly was reduced during winter in various areas of the
city. Only the areas close to Royal Melbourne Hospital and Woolworths
in North Melbourne showed an increase in lighting energy consumption

2l NI .

Change rate (%)

OMarch OJuly mAugust

Fig. 17.
summer and winter months at 10:00-10:30 p.m.
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Alteration of the monthly mean lighting energy consumption values (Watts) during the pre-lockdown (2019) and lockdown (2020) phases of the available
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Fig. 18. Spatiotemporal distribution of the mean lighting energy consumption (Watts) over the City of Melbourne: (a) March 2019 (pre-lockdown), (b) March 2020
(lockdown), (c) winter 2019 (pre-lockdown), (d) winter 2020 (lockdown), (e) mean lighting energy consumption change rate (%) between pre-lockdown and
lockdown during summer and (f) mean lighting energy consumption change rate (%) between pre-lockdown and lockdown during winter.

during winter. The change rate in summer was mostly positive in the
inner parts of the city, where most impervious surfaces and built-up
areas are located. The increase in lighting energy consumption in sum-
mer is in accordance with the findings of the IEA [103] that increased
lighting energy consumption occurred in domestic households during
lockdowns. In the pre-lockdown phase, many City of Melbourne resi-
dents visit shoppingcentres to avoid hot days in summer. However, most
residents stayed in their homesmost residents stayed in their homes
during the lockdown and used their air-conditioning units during the
lockdown. The energy consumption change rate in the winder did not
increase in built-up areas because the temperature reduced during the
night when people were already at home in the pre-lockdown and
lockdown phases.

Similar to Aruga et al. [35], the lockdown in the City of Melbourne
had negative effects on lighting energy consumption during summer;
however, it plummeted during winter due to the reduced activity level of
some industries. The findings from Jiang et al. [36] also exhibit some
similarities with this study. For instance, the lighting energy consump-
tion related to renewable energy demand increased during summer and
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winter in areas where renewable energy products were available; as
such, the lighting energy consumption of industrial and commercial
areas reduced during the summer lockdown. However, residential
lighting energy consumption increased. In winter, the activities required
to produce medical products and provide caregiving increased, as
observed in the increased lighting energy consumption in that period at
Royal Melbourne Hospital.

5. Conclusions, limitations, implications, and future studies

This study considered the impact of the COVID-19 lockdowns on air
quality factors, SUHI, and lighting energy consumption by investigating
the NO2, SOz, CO, UAI, SUHI, and lighting energy consumption levels in
the City of Melbourne and evaluating their spatial distribution varia-
tions using different satellite imageries. Subsequently, an analysis was
conducted to understand the changes from the 2019 pre-lockdown
phase to the 2020 lockdown. The findings revealed that the mean
NO2, SOz, UAIL air temperature, and SUHI values across the city
decreased during the lockdown in summer. Meanwhile, the lighting
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energy consumption, SUHI, SOz, UAL and air temperature decreased
during the winter lockdown. The major shifts included the largest
average drop in SOz and NO: during summer, followed by the increase in
UAI and CO throughout the lockdown period compared with the same
period in 2019.

This study showed that various locations within the City of Mel-
bourne recorded different findings regarding the major parameters
during the summer and winter times of the lockdown and pre-lockdown
phases. This study revealed the importance of urban form (such as high-
rise buildings on the east side and the industrial areas on the west) and
the type of land (mainly the impervious surfaces and urban green
spaces) in these differences. Furthermore, satellite data were a signifi-
cant resource for investigating the air quality, SUHI, air temperature,
and lighting energy consumption parameters because of the spatial
coverage of the data. This study could be considered a benchmark for
city planners and designers for managing air quality, air temperature,
SUHI, and lighting energy consumption due to the insights inadvertently
revealed by various lockdown restrictions on industrial, residential, and
recreational areas. The impact of the COVID-19 pandemic resulted in the
emergence of a new baseline of air quality, surface, and air temperature
to be used in air pollution and heat mitigation strategies. The COVID-19
lockdowns provided an opportunity to represent how substantially
human behaviour can affect air quality and lighting energy consump-
tion. The lockdowns and city dwellers’ resultant behavioural change
altered lighting energy consumption and air quality. This demonstrated
that better strategies influencing human behaviour could make a sub-
stantial difference. Several implications can be drawn, with this study
generally referring to three fundamental shifts that could be the focus of
such strategies:

e Increased adoption of telecommuting/remote work.

e Safe shared mobility, including both public transit and carpooling;
and

e De-carbonization of the power sector and transition to clean energy.

Future research should evaluate larger-scale datasets. Examining the
impacts of COVID-19 lockdowns shows that reducing lighting energy
consumption, even just in specific sectors, could have significant im-
plications for different levels of policy initiatives. Therefore, policy in-
terventions should reflect on the potential for city dwellers to enact
behavioural changes while considering the role of socio-economic
status.

From another point of view, future studies could consider additional
air pollution factors, such as Os, formaldehyde, and other types of NOy,
SOy, and COx. In addition, other important and effective factors influ-
encing SUHI and LST, such as land-use patterns and topography, need to
be further analyzed to reveal the effect of COVID-19 lockdown emission
reductions on anthropogenic heat.

From a methodological point of view, additional data from field
calculation methods for air pollution factors and air temperature could
be considered to justify the results and solve the spatial and temporal
resolution limitation of the satellite imageries. For instance, GIS-based
forecasting can estimate the ambient air pollution levels at high tem-
poral and spatial resolutions, leading to the mapping and generation of
results for different scenarios. This initiative can be integrated with
socio-economic data to gain a better and more comprehensive under-
standing of air quality parameters.

One of the limitations of this research is the short duration studied,
resulting in the deviation of the results from the exact effect of envi-
ronmental pollution. Thus, future studies could record more days in any
upcoming potential lockdown phases.

Further studies can overcome the limitation of the Spatio-temporal
resolution of satellite imageries by implementing data fusion and
downscaling methods, especially for larger-scale studies conducted on
metropolitan areas. Furthermore, future studies could investigate the
relationship between the air quality parameters, SUHI, and lighting
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energy consumption. There is also potential to consider additional
interventional parameters, such as meteorological factors, to recognize
how they could potentially contribute to the relationship between the
SUHLI, lighting energy consumption, and air quality factors.
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