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Abstract

:

Climate change is one of the biggest challenges of our times, even before the onset of the Coronavirus (COVID-19) pandemic. One of the main contributors to climate change is greenhouse gas (GHG) emissions, which are mostly caused by human activities such as the burning of fossil fuels. As the lockdown due to the pandemic has minimised human activity in major cities, GHG emissions have been reduced. This, in turn, is expected to lead to a reduction in the urban heat island (UHI) effect in the cities. The aim of this paper is to understand the relationship between human activity and the UHI intensity and to provide recommendations towards developing a sustainable approach to minimise the UHI effect and improve urban resilience. In this study, historical records of the monthly mean of daily maximum surface air temperatures collected from official weather stations in Melbourne, New York City, Tokyo, Dublin, and Oslo were used to estimate the UHI intensity in these cities. The results showed that factors such as global climate and geographic features could dominate the overall temperature. However, a direct relationship between COVID-19 lockdown timelines and the UHI intensity was observed, which suggests that a reduction in human activity can diminish the UHI intensity. As lockdowns due to COVID-19 are only temporary events, this study also provides recommendations to urban planners towards long-term measures to mitigate the UHI effect, which can be implemented when human activity returns to normal.
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1. Introduction


Following the declaration of a global pandemic by the World Health Organization (WHO) on 11 March 2020, many countries had to tighten their borders and apply lockdown measures to limit the spread of COVID-19 and reduce the deaths [1,2]. By November 2020, there had been 5.3 million confirmed cases and 1,305,164 deaths recorded globally [3].



Governments around the world were struggling to stop the spread of the virus and began to introduce strict policies that limited human contacts and activities to prevent further transmission of the virus [4]. Among all the cities worldwide, Melbourne, Australia, has had the longest and strictest lockdown measures so far, with travel restrictions and a nighttime curfew in place [5]. Public transport usage decreased by more than 80% during the lockdown [6]. The Australian Energy Market Operator (AEMO) reported that the energy demand in Victoria reduced by 8% (approximately 400 Megawatts) during morning peak time in April 2020 [7]. Although the pandemic has caused devastating impacts, research has suggested there have been positive impacts on the environment due to the reduction in greenhouse gases (GHG) and air pollution levels caused by human activity and outdoor mobility. Reported by the Bureau of Meteorology (BoM) and Commonwealth Scientific and Industrial Research Organisation (CSIRO) [8], the carbon dioxide (CO2) emissions in Australia declined by 8% in the first three months of 2020 compared with the same period in 2019. The Economic Times [9] also reported that the global carbon emissions had declined by 17% between January and April due to the COVID-19 lockdown measures.



Aside from carbon emissions, the overall air quality had improved in different countries after the implementation of the lockdown. Several studies demonstrate a significant reduction in Particulate Matter (PM), Sulphur Dioxide (SO2), Nitrogen Oxide (NO), and Nitrogen Dioxide (NO2) concentration during the lockdown [10,11,12,13,14,15]. The exception to this is Ozone (O3) levels, which increased during the lockdown [16,17,18]. All these COVID-19 related studies investigated energy consumption and emissions in relation to human activities such as transportation and industrial activities. While these factors have directly contributed to the urban heat island (UHI) effect, not many studies have investigated the change in the UHI effect due to the reduction in human activity in major cities due to lockdown restrictions.



The pandemic reduced human activity to extraordinarily low levels, which created a unique opportunity to investigate the influence of human activity on the UHI effect (factors affecting UHI are illustrated in Figure 1). Having one of the strictest and longest periods of restrictions to human activity, Melbourne was taken as the benchmark to compare and analyse other international cities with shorter periods of lockdown. This paper provides an understanding of the relationship between human activity and UHI intensity. It also provides recommendations on mitigation of the UHI effect in urban areas and for developing a sustainable approach to improve urban resilience, which in turn can be implemented in other major cities worldwide.




2. The Urban Heat Island (UHI) Effect


The UHI effect is the phenomenon whereby the temperature in the city center is higher than in the rural surrounding [19,20]. A study by Imhoff in 2009 [21] assessed 38 of the most populous cities in the United States showed that the annual average temperature in urban areas is 2.9 °C warmer than non-urban areas, except cities located in biomes with arid and semi-arid climates. This is because cities in semi-arid and arid regions might experience urban cool islands (UCI) during the daytime when the surface temperatures of rural areas are hotter than urban areas (when the UCI is relatively weak in intensity) [22]. The effect of climate zones and seasonal effects on UHI was also analysed by Wu, Zhang, and Zang in 2019 [23] and pointed out that seasonal changes also affect the UHI, where UHI only exists in spring and summer with no significant effect in autumn and winter.



2.1. Causes of Urban Heat Island Effect


Local weather is one of the factors that is associated with the UHI effect. After investigating the mean sea level pressure over a 19-year period from 1973 to 1991, Morris and Simmonds [24] found that the UHI magnitude in Melbourne was associated with anomalous anticyclone conditions. Another study conducted by Morris, Simmonds, and Plummer [25], which analysed the daily wind speed and cloud amount over a 20-year period from 1972 to 1991, showed that the UHI is related to turbulent and radiative exchanges.



Regardless of the natural factors, the main cause of UHI is increasing urbanization and rapid population growth. In urban areas, high-rise buildings and mass transportation systems were built to accommodate the population, with extensive use of concrete, steel, and glass, which absorb solar radiation [26]. While human activities for commercial and industrial purposes consume huge amounts of electrical power and fossil fuels, the number of carbon emissions and pollutants released into the atmosphere by the buildings trap emitted heat [27].



Factors that contribute to the UHI effect are summarised and illustrated in Figure 1. The figure also shows that factors caused by atmospheric and natural environments are mostly uncontrollable, but factors created by various human activities are relatively easy to control. In addition, mitigation measurements mainly focus on three areas, namely human activity, city form, and city size [28]. Mitigation measures related to human activities include reduction in transportation, energy consumption, greenhouse gases (GHG), and pollutants. Mitigation measures related to city form include building materials, city geometry, and land use/land function. The most effective solution to reduce UHI would be the reduction of city size; however, this is not a possible solution for most cities as this would slow down the economic growth.




2.2. The Importance of Evaluating the Urban Heat Island Effect


Before the world was threatened by the COVID-19 outbreak, climate change was one of the major concerns in Australia. In 2019, the continent had experienced the hottest and driest year on record, and extreme heat events such as heatwaves, drought, and wildfires had catastrophic consequences across the nation [8]. As reported by the National Ocean and Atmospheric Administration (NOAA) [29], the year 2020 was the second warmest year in the 141-year record, with a +9.8 °C global land and ocean surface temperature anomaly. With the prevailing global warming in 2020, extreme heat events are expected to increase in terms of frequency, duration, and magnitude [8,30].



Extreme heat events proved to be one of the greatest hazards to human wellbeing that increase the mortality of people with pre-existing health problems, such as cardiovascular disease, respiratory allergies, and airway diseases [31,32]. As extreme high temperatures and high levels of air pollution are usually observed at the same time, it is believed that these two factors have a strong interaction [33]. As observed by Hansel, McCormack, and Kim [34], both extreme temperature and air pollutants are associated with higher respiratory morbidity in chronic obstructive pulmonary disease. A study by the NOAA showed that heat-related fatalities are higher than any other weather-related fatality on average in 30-years [35]. The 2003 summer heatwave in Europe resulted in severe casualties across European countries, with more than 40,000 deaths due to excessive temperatures [36,37]. There were approximately 14,000 deaths in France and 2091 deaths in England as officially recorded by respective Health Authorities [38,39,40].



Studies have shown that the urban context is associated with heat-related deaths and mortality, which might significantly increase under extreme heat events [41,42]. A similar study conducted by Zhao et al. (2018) also shows that the UHI and heatwaves have significant synergistic effects in temperate climate regions with higher than 0.4 °C average UHI. Thus, they found that air conditioning energy use during heatwaves is a key contributor to UHI in those climate regions during the daytime [43]. Between 2004 and 2018, an annual average of 702 heat-related deaths was recorded in a large central metropolitan area in the United States, out of a total of 4402 deaths [44]. The UHI effect has a direct impact on human health by increasing the maximum air temperature to dangerous levels that could lead to heat-related illnesses and mortality. It also leads to indirect impacts by changing the living environment and human behaviors. These relationships are summarised in Figure 2 [45].



In the study by He et al. [46], they suggested that the surface air temperature has a stronger influence on the COVID-19 transmission pattern than the surface relative humidity. Extra cautions were recommended when operating the cooling centres in summer due to the risk of the spread of the virus into the air ventilation system [44]. Therefore, it can be expected that the COVID-19 outbreak will make it more challenging to save lives during extreme heat events in urban areas with high population density.





3. Materials and Methodology


The following sections will discuss the methodology of the study under consideration, the calculations to estimate the UHI intensity, and justification for data collection. Using the results from each study area’s analysis provides a comprehensive summary of insights for the recommendations for future studies.



3.1. Study Area


This paper’s focus was on the change of UHI worldwide under the impact of the global pandemic, and the factors considered in the selection of international cities are as follows:




	
Availability of sufficient historical data for estimating the UHI effect;



	
Large population size and urban area to observe a significant change in human activities;



	
The level of restriction on human activities due to COVID-19;



	
The duration of lockdown that the city has experienced;



	
Location in a coast area;



	
Köppen climate classification of group C and D without dry season (letter code f).








Based on the above considerations, Melbourne, Tokyo, New York City, Dublin, and Oslo were selected as case study cities in this paper. These are some of the most developed cities around the globe, with the highest level of urbanisation and population density in their country, where human activities were most impacted by the COVID-19. Table 1 summarises the location, population, land area, and Köppen climate classification for these cities.




3.2. Estimate the UHI Intensity


There are several methods used to analyse the UHI phenomenon depending on the objectives of the study. For example, the application of ECOTECT and Computational Fluid Dynamics (CFD) technology based on thermal and humidity index (THI) can provide a numerical simulation of urban thermal environment for future urban planning purposes [47].



UHI Intensity is a conventional method commonly used for quantifying the UHI phenomenon, which is calculated from the change in temperature between the urban temperature and rural temperature [48,49]. A negative value indicates an urban cool island (UCI), where the rural surroundings have a higher temperature than the urban area [50]. Depending on the nature of the study, the urban and rural temperature can use either the air temperature measured by ground-based sensor or land surface temperature (LST) recorded by aircraft or satellites [51,52]. The equation is shown as follow:



Equation (1): UHI intensity


   UHI   intensity     (  ° C  )  :   ∆ T =  T U  −  T R   



(1)







According to the United States Environmental Protection Agency (USEPA) [51], a reasonable number of standard weather stations should be considered to improve accuracy and avoid bias when measuring temperatures for UHI study. The classification between an urban and rural weather station uses a combination of population density and urban settlement in relation to the city range measured from a reference station located in the Central Business District (CBD). As the classification varies between countries, for example, for the US, the Census Bureau has two types of urban area identifications. The classification and location of weather stations used in this report are mapped in Section 3.3, with brief details for each city [53]. The mean values of urban weather stations (   U i   ) are the urban temperature (   T U   ). Similarly, the mean values of rural weather stations (   R i   ) are the rural temperature (   T R   ), and the equations are shown as follow:



Equation (2): Average Urban Temperature


   Average   Urban   Temperature     (  ° C  )  :    T U  =   ∑  T  U i      number   of     U i       



(2)







Equation (3): Average Rural Temperature


  Average   Rural   Temperature  (  ° C  )  :    T R  =   ∑  T  R i     number   of    R i     



(3)








3.3. Data Collection


According to the USEPA, the air temperature and seasonal temperature patterns are more useful measurements in understanding the energy use and health risks associated with UHI [51]. Therefore, the daily maximum air temperature was collected to calculate the monthly average of UHI intensity. The data were retrieved from the historical climate database recorded by the existing official weather stations of the Bureau of Meteorology (BoM), Japan Meteorological Agency (JMA), National Weather Service (NWS), Met Éireann Forecast (MET), and Norwegian Climate Service Center (NCSC). Each weather station has an elevation, latitude, and longitude for the analysis of the exact location to understand the micro-climate that might affect the results [54,55,56,57,58].



The maps in Figure 3 and Figure 4 were extracted from City Population [59]. Figure 3 presents the density of urban footprint measured in percentage, and Figure 4 illustrates the population density, which was based on the information from the Australian Bureau of Statistics (ABS) for Melbourne, United States Census Bureau (USCB) for New York City, National Statistics Center (NSC) for Tokyo, Central Statistics Office (CSO) for Dublin, and Statistisk Sentralbyrå (SSB) for Oslo [60,61,62,63,64]. For Melbourne, New York City, and Tokyo, which have a larger urban footprint, the urban weather stations (U) were considered within a 25 km range with a population density higher than 1000 people per km2. Rural weather stations (R) were at least 75 km away from the CBD, with less than 500 people per km2. For Dublin and Oslo, which have a smaller urban footprint, urban weather stations were considered within a 15 km range with a population density higher than 500 people per km2, whereas rural weather stations are at least 70 km away from the CBD with less than 50 people per km2. The details of the selected weather stations for each city are summarised in Table A1, Table A2, Table A3, Table A4 and Table A5 under Appendix A.



The selected data range was focused on the coronavirus influences on the UHI due to human activities. The paper analysed the historical records from 2016 to 2020, which is sufficient to show the UHI intensity differences before and after the pandemic outbreak and made provisions for the analysis of the global climate trend. It was limited to the last five years due to the rapid rate of urbanisation that has turned many rural areas into urban areas in recent years. As different countries were influenced by COVID-19 on different dates, the mitigation measurements are dependent on countries; however, the details of the timeline and level of restrictions are further discussed in Section 4.





4. Analysis of Results


4.1. Melbourne


Figure 5 demonstrates the UHI intensity in Melbourne from 2016 to 2020. It shows a high UHI intensity that is usually experienced between June and September, which is the winter period in the southern hemisphere. In contrast, the UCI effect only occurred in the summer period between December and January.



In 2020, the UHI intensity increased rapidly from the start of the year until it reached a turning point on 25 January when the first confirmed case of coronavirus in Australia was reported [65]. In the following month, more international flights were cancelled, and more restrictions on public gatherings were introduced after the WHO pronounced the COVID-19 a global pandemic [66]. As reflected in Figure 5, there was a constant decline of UHI intensity from January to March, and there were expectations of recording a low UHI intensity during the first lockdown in April and May. However, no significant difference was observed. In fact, drive-through shopping and delivery services became popular during this period and kept the roads busy [67]. The restrictions were temporarily lifted at the end of May, but this only lasted for a month before a second lockdown became imminent again on 8 July [68]. The second lockdown introduced a tougher restriction compared to the first lockdown, and the UHI intensity recorded 1 °C lower than the past five years’ averages. The result during the second lockdown shows a significant difference in the UHI intensity compared to the past five years, which is similar to the study conducted by Earl et al. in 2016, where they showed that the weekly cycle of anthropogenic activity could influence the UHI significantly [69]. This further aligns with the hypothesis made by Simmonds and Keay about the effects of pollutions and anthropogenic heating [70].



Table A6 in Appendix B provides the detailed timeline and restriction conditions of Melbourne lockdowns according to the media release from the Department of Health and Human Services (DHHS) [71].




4.2. New York City


The UHI intensity in New York City (NYC) from 2016 to 2020 is illustrated in Figure 6, and it shows a relatively low UHI intensity in 2020, especially after the introduction of the lockdown. The first coronavirus case in the United States was on 11 January, which was relatively earlier than the first case in New York City (NYC) on 1 March. Therefore, the human activities in the first three months might not be distinctive, but the flights and travels between countries and states were already affected before the state of emergency was declared on 13 March [72]. The restrictions placed on human activities included the closure of public schools, bars, and restaurants. The introduction of the PAUSE Program on 27 March required all non-essential workers must stay at home. As the restrictions were not applied until the end of March, there were no significant differences when compared to the previous years.



It was expected that the UHI intensity in April would be lower than in the past years because a study of the daily and weekly electricity demand in New York City shows a decrease by 16% on average from late March to April due to COVID-19 restrictions [73]. However, the low UHI intensity was observed in May instead. The stay-at-home order was extended further until June, and NYC began phase 1 and 2 reopening on 8 and 22 June, with more restrictions removed after phase 3 and 4 reopening on 6 and 19 July [74]. The slight increase in UHI intensity from late May to early July was due to the easing of the restriction restrictions. The reopening of the fourth and final phases saw an uptick in COVID cases, resulting in delays to reopen schools and gyms, and remote learning continued to September [74,75]. Therefore, the low UHI intensity in August and September was due to the delayed reopening of public places and other minor restrictions in place after the lockdown period. A brief timeline and restriction conditions of NYS and NYC are summarised in Table A7.




4.3. Tokyo


Figure 7 illustrates the UHI intensity in Tokyo from 2016 to 2020. These results reflect the COVID-19 restrictions introduced in Tokyo and Japan. According to the health ministry, the first confirmed case was on 16 January from a man who returned from Wuhan [76]. No restrictions were put in place even after a state of emergency was declared in Hokkaido prefecture on 28 February [77]. Given that the declaration was not nationwide and even the quarantine law was not strict enough to prohibit people’s movements [78], human activities in Japan were generally not affected by the coronavirus until March. Typical changes included the cancelation of cherry blossom festivals, adjustment on business hours, and temporarily closing some popular venues [79]. As a result, the UHI intensity pattern did not show a huge difference in the first three months.



A brief timeline of Tokyo’s COVID-19 outbreak is summarised in Table A8. A state of emergency covering Tokyo and six prefectures was declared by Prime Minster Abe-San on 7th April, and major restrictions were introduced, including banning international travel and the temporary closure of non-essential services. The UHI intensity during the lockdown period in April and May was the five-year lowest recorded, with monthly average UHI intensity of 0.5 °C and 0.8 °C, respectively. The state of emergency remained in place until 25 May, and by 19th June all the businesses were reopened again, and international travels were permitted, and the daily lives of Tokyo citizens were almost back to normal, which explains the increase in UHI intensity after June. On 15 July, the alert level was raised to the highest due to fears of a second wave of the coronavirus despite the government’s plan of not declaring the second state of emergency. On 6 August, governor Koike urged the citizens to stay at home and offered compensation funding to some businesses to close early as a means to contain coronavirus [79,80]. Since there were no strict lockdown restrictions in place in July and August, the UHI intensity did not show a huge difference compared to the past as people have slowly adapted to living with coronavirus as time went by.




4.4. Dublin


Figure 8 illustrates the UHI intensity in Dublin from 2016 to 2020. It shows that the UHI intensity pattern in Dublin was similar to previous years. Table A9 is a summary of Dublin’s COVID-19 lockdown situation. The first confirmed case was in the Republic of Ireland on 29th February [81]. Mitigation for the COVID-19 outbreak was put in place on 12 March, education facilities were shut down, and large gatherings were suspended [82]. The government announced the stay-at-home order, which took effect from midnight, 27 March, and extended until 18 May [83,84]. During the lockdown period from March to May, Dublin experienced the UCI effect and did not show significant differences when compared to the same period in previous years. As restriction slowly eased in June and July, the UCI effect had turned into the UHI effect, and the UHI intensity during July was the highest in the last five years. With an increase in the number of COVID-19 cases in August, the phased reopening was suspended due to rising concerns of a second lockdown [85]. The UHI intensity equally reached the maximum for the year and kept declining till the end of the year.




4.5. Oslo


The UHI intensity in Oslo from 2016 to 2020 is illustrated in Figure 9; it shows that the UHI intensity of Oslo is relatively high in autumn and winter but close to 0 °C during spring and summer. The first confirmed case was reported on 26 February [86], and the UHI intensity trend in 2020 did not show a clear correlation to the pandemic events. According to the Norwegian Government Security and Service Organisation (GSSO) records, the government announced a national lockdown on 12 March and introduced internal border control on 16 March. As the authority claimed that it is the strictest policy Norway has, the UHI intensity in March was surprisingly the five-year highest. As the lockdown was extended for few times until 20 April, the UHI intensity remained relatively high. Similar to March, May had the highest UHI intensity, with a slight decline towards June. July and August were the only periods experiencing the UCI effect instead of UHI. The process of reopening was in progress in the following months, after lockdown up until early August. However, internal border control was reintroduced on 12 August [87]. The brief timeline of lockdown and restrictions in Oslo is summarised in Table A10.





5. Discussion


Table 2 is a summary of the annual average UHI intensity of each city over the last five years. It shows that the overall UHI intensity of the selected cities in 2020 has the lowest record when compared to the last 5 years with UHI intensity of 0.54 °C, while 2017 had the highest UHI intensity of 0.66 °C. The result contradicts the global climate predictions and the recorded global temperature pattern in 2020 [88]. According to the latest Global Climate Report 2021, the average global land and ocean surface temperature for 2020 was +0.98 °C, which was the second warmest year in the 141-year record [29]. Although UHI intensity does not necessarily represent the actual temperature, this makes it possible to have a low UHI intensity when both urban and rural areas have extremely high temperatures. The trend in UHI intensity in 2020 still shows some abnormal patterns when compared to historical records.



As illustrated in Figure 10, Figure 11 and Figure 12, the daily maximum air temperatures of the urban area in Melbourne, New York City, and Tokyo were relatively low during the lockdown period. Figure 13 and Figure 14 show a slightly different pattern of the daily maximum air temperature of Dublin and Oslo urban area, 2020 had the highest temperature at the start of the year, but this trend changed after the first confirmed case of COVID-19.



The results show that the UHI intensity pattern in cities with higher population density and urban built-up areas was more affected by the pandemic events. According to the Skyscraper Center ranking, New York City, Tokyo, and Melbourne were listed on the top 20 cities with the most completed structures over 100 m tall [89]. Both Dublin and Oslo are less urbanised, which were not even on the top 200 list in this ranking system. Therefore, New York City, Tokyo, and Melbourne tend to have higher UHI intensity when compared to Dublin and Oslo.



The figures in Section 4 show the potential of the COVID-19 outbreak to affect UHI to a certain degree.



The following are the key observations from the UHI intensity in 2020:




	(1)

	
High-density cities showed a low UHI effect trend after lockdown restrictions were introduced;




	(2)

	
The differences in UHI intensity are more distinctive in cities with stricter rules and longer lockdown duration;




	(3)

	
The overall UHI intensity in 2020 was the lowest recorded in the past five years.









With respect to all other factors associated with UHI intensity, the COVID-19 situation created a rare condition that impacted the UHI effect due to the absence of human activities, as mentioned in Figure 1. From the results, the human activities factors had a relatively less significant impact on the UHI effect compared to other dominant factors such as climate change or geographical location. Similarly, reports claimed that the carbon emission reduction during COVID-19 was only temporary and will bounce back quickly because the reduction in human movements was not permanent, and the contribution from these factors are considered insignificant on a city scale when compared to the global carbon accumulation [90,91]. As the results are not directly reflected on the individual human activity factors, it is impossible to identify which human activities influenced the UHI intensity most.




6. Recommendations


Although the COVID-19 lockdown has caused a huge reduction in UHI intensity in some high-density cities, lockdown is not a long-term or sustainable solution to improve the UHI effect. The result has indicated the potential of improving the UHI effect through the mitigatory measures, as shown in Figure 1, thus recommending its implementation by local governments. Driven by the pandemic restriction, there are new opportunities in the areas of energy consumption, transportation, and building materials to mitigate the UHI effect.



6.1. Energy Consumption


During the lockdown, most energy demands were shifted from commercial buildings into residential buildings as more employees were working from home. Since people were spending more time at home instead of at the office, it is easier to motivate people to use energy-efficient home appliances to reduce wasting available energy, thus reducing the cost of electricity bills. The increased use of household energy also encourages individuals to install solar panel systems for their houses to provide cheaper and cleaner off-grid electricity.



The COVID-19 pandemic has also raised awareness on human health and wellbeing, thereby giving a strong reason to demand the government to develop renewable energy projects to replace fossil fuel power plants. These actions will directly reduce GHG emissions in the future and, ultimately, the UHI effect.




6.2. Transportation


Owing to the lockdown restrictions, the reduction in vehicles on the roads not only limited human movement and travel distance but also made people rethink the working culture and daily routines. In the future, it will be more acceptable to convince people to conduct works from home if possible instead of traveling miles to their workplaces, and people will be more motivated to use bicycles as a means of transportation based on the increased awareness of health and wellbeing.



In order to achieve the above, some actions are developed by the City of Melbourne and Institute for Sensible Transport [92,93], including:




	
Limit car parking space for non-essential vehicles in the inner city to reduce traffic volume into the city and the risks of community spread of the virus in the future;



	
Encourage people to use digital tools or apps to monitor and analyse their modes of transportation, thereby allowing them to conduct contact tracing of the coronavirus as well as check their carbon footprint;



	
Improve bike lanes and road infrastructures to provide safer and user-friendly road conditions for people to commute by bike.









6.3. Building Materials


This study has emphasised the impacts of urban density on the UHI intensity and how building materials play a vital role in defining the urban area and thermal absorption ability of cities. One of the reasons why the UHI intensity in Dublin and Oslo was much lower than other cities in this study is because of more green areas covered by vegetation and fewer concrete-steel-glass high-rise buildings in the urban area. Therefore, the change in building materials can improve the UHI intensity significantly. The following are highlights of the recommendations from the City of Melbourne in the Green Our City Strategic Action Plan on tackling the UHI effect in urban areas [94]:




	
Reduce building materials with good solar heat absorption, such as concrete, glass, stainless steel, and ceramic gravel;



	
Avoid using dark colors on buildings and road surfaces to reduce radiation absorption;



	
Increase the green areas and green infrastructures in the urban area to improve the cooling effect [95].









6.4. Future Research


Further research is recommended to investigate the ongoing pandemic events between 2020 and 2021 to have a better perspective on the effects of human movement restrictions towards the UHI intensity. In order to improve the results for future research, land surface temperatures recorded by satellite can help to better analyse the temperature changes on a map. Additionally, real-time monitoring sensors can be deployed to avoid missing data from fixed weather stations by using manual recording methods. Nonetheless, it is more beneficial to investigate further which types of human activities caused the most impacts on UHI to improve the solutions.





7. Summary and Conclusions


In conclusion, this research shows that UHI intensity has reduced during the COVID-19 lockdown due to reduced human activities. Although this research was not able to identify which human activities influenced the UHI most, the link between human activities and the UHI effect is clear. As the COVID-19 lockdown is an extreme but temporary measure, the urban temperature is expected to return to a normal level and could also keep increasing after the COVID-19 pandemic. Therefore governments and urban planners around the world should seek to develop sustainable approaches to reduce the UHI effect in the post-pandemic era. Implementing the mitigation measures presented in Figure 1 has a great potential of developing sustainable and resilient cities of the future.







Author Contributions


Conceptualisation, A.W.M.N. and N.M.; methodology, A.W.M.N., N.M., C.Y.W., and P.P.; formal analysis, A.W.M.N., N.M., C.Y.W., and P.P.; data curation, C.Y.W. and P.P.; writing—original draft preparation, C.Y.W. and P.P.; writing—review and editing, A.W.M.N., N.M., C.Y.W., R.C.N., M.A.U.R.T. and P.P.; visualisation, C.Y.W. and P.P.; supervision, A.W.M.N., N.M., M.A.U.R.T.; project administration, A.W.M.N. and N.M.; funding acquisition, A.W.M.N. and N.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Victoria University’s Planetary Health Grant 2020, grant number PH128.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to acknowledge and thank Victoria University for providing the support by a Planetary Health Grant (Grant no. PH128).




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table] 





Table A1. Details of weather stations in Melbourne.






Table A1. Details of weather stations in Melbourne.





	
ID

	
Name/Location

	
Latitude

	
Longitude

	
Elevation

	
Population Density

	
Distance Range




	
Decimal

	
Decimal

	
(m)

	
(People/km2)

	
(km)






	
U1

	
Melbourne (Olympic Park)

	
−37.83

	
144.98

	
7.53

	
5000–10,000

	
0–25




	
U2

	
Viewbank

	
−37.74

	
145.10

	
66.1

	
1000–2500

	
0–25




	
U3

	
Essendon Airport

	
−37.73

	
144.91

	
78.4

	
2500–5000

	
0–25




	
U4

	
Melbourne Airport

	
−37.67

	
144.83

	
113.4

	
250–500

	
0–25




	
U5

	
Moorabbin Airport

	
−37.98

	
145.10

	
12.1

	
1000–2500

	
0–25




	
U6

	
Scoresby Research Institute

	
−37.87

	
145.26

	
80

	
1000–2500

	
0–25




	
U7

	
Laverton RAAF

	
−37.86

	
144.76

	
20.1

	
1000–2500

	
0–25




	
R1

	
Sheoaks

	
−37.91

	
144.13

	
236.7

	
5–10

	
75–100




	
R2

	
Aireys Inlet

	
−38.46

	
144.09

	
105

	
10–25

	
>100




	
R3

	
Mount Gellibrand

	
−38.23

	
143.79

	
261

	
5–10

	
>100




	
R4

	
Castlemaine Prison

	
−37.08

	
144.24

	
330

	
10–25

	
>100




	
R5

	
Redesdale

	
−37.02

	
144.52

	
290

	
25–50

	
75–100




	
R6

	
Lake Eildon

	
−37.23

	
145.91

	
230

	
1–5

	
>100




	
R7

	
Eildon Fire Tower

	
−37.21

	
145.84

	
637

	
1–5

	
>100




	
R8

	
Nilma North (Warragul)

	
−38.13

	
145.99

	
134.11

	
10–25

	
75–100




	
R9

	
Rhyll

	
−38.46

	
145.31

	
13.4

	
25–50

	
75–100




	
R10

	
Wonthaggi

	
−38.61

	
145.60

	
51.9

	
25–50

	
>100
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Table A2. Details of weather stations in New York City.






Table A2. Details of weather stations in New York City.





	
ID

	
Name/Location

	
Latitude

	
Longitude

	
Elevation

	
Population Density

	
Distance Range




	
Decimal

	
Decimal

	
(m)

	
(People/km2)

	
(km)






	
U1

	
Central Park

	
40.78

	
−73.97

	
47

	
25,000–50,000

	
0–25




	
U2

	
La Guardia Airport

	
40.78

	
−73.88

	
6

	
5000–10,000

	
0–25




	
U3

	
Teterboro Airport

	
40.86

	
−74.06

	
2

	
1000–2500

	
0–25




	
U4

	
Harrison

	
40.75

	
−74.15

	
7

	
5000–10,000

	
0–25




	
U5

	
Newark International Airport

	
40.68

	
−74.17

	
5

	
1000–2500

	
0–25




	
U6

	
JFK International Airport

	
40.64

	
−73.76

	
3

	
5000–10,000

	
0–25




	
R1

	
Shrub Oak

	
41.33

	
−73.84

	
128

	
100–250

	
50–75




	
R2

	
Port Jervis

	
41.39

	
−74.69

	
177

	
100–250

	
75–100




	
R3

	
Freehold−Marlboro

	
40.31

	
−74.25

	
50

	
500–1000

	
50−75




	
R4

	
Wertsville 4 NE

	
40.45

	
−74.78

	
87

	
100–250

	
75–100




	
R5

	
Flemington 5 NNW

	
40.58

	
−74.88

	
75

	
100–250

	
75–100




	
R6

	
Hightstown 2 W

	
40.27

	
−74.57

	
30

	
500–1000

	
75−100




	
R7

	
Belvidere Bridge

	
40.83

	
−75.08

	
78

	
100–250

	
75−100




	
R8

	
Baiting Hollow

	
40.97

	
−72.71

	
24

	
500–1000

	
>100
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Table A3. Details of weather stations in Tokyo.






Table A3. Details of weather stations in Tokyo.





	
ID

	
Name/Location

	
Latitude

	
Longitude

	
Elevation

	
Population Density

	
Distance Range




	
Decimal

	
Decimal

	
(m)

	
(People/km2)

	
(km)






	
U1

	
Tokyo (Chiyoda)

	
35.68

	
139.75

	
25.2

	
10,000–25,000

	
0–25




	
U2

	
Edogawa Rinkai

	
35.63

	
139.85

	
5

	
10,000–25,000

	
0–25




	
U3

	
Nerima

	
35.73

	
139.58

	
51

	
10,000–25,000

	
0–25




	
U4

	
Fuchu

	
35.68

	
139.48

	
59

	
5000–10,000

	
0–25




	
U5

	
Haneda (Airport)

	
35.55

	
139.76

	
6

	
10,000–25,000

	
0–25




	
U6

	
Saitatma

	
35.86

	
139.58

	
8

	
5000–10,000

	
0–25




	
U7

	
Koshigawa

	
35.88

	
139.75

	
3

	
5000–10,000

	
0–25




	
R1

	
Chichibu

	
35.98

	
139.06

	
232.1

	
100–250

	
50–75




	
R2

	
Yokoshibahikari

	
35.65

	
140.46

	
6

	
250–500

	
50–75




	
R3

	
Sakahata

	
35.23

	
140.08

	
120

	
250–500

	
50–75




	
R4

	
Kamogawa

	
35.10

	
140.10

	
5

	
100–250

	
50–75




	
R5

	
Tateyama

	
34.98

	
139.85

	
5.8

	
250–500

	
75–100




	
R6

	
Katori

	
35.85

	
140.50

	
37

	
250–500

	
50–75




	
R7

	
Katsuura

	
35.15

	
140.30

	
11.9

	
100–250

	
75–100




	
R8

	
Ogouchi

	
35.78

	
139.05

	
530

	
100–250

	
50–75
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Table A4. Details of weather stations in Dublin.






Table A4. Details of weather stations in Dublin.





	
ID

	
Name/Location

	
Latitude

	
Longitude

	
Elevation

	
Population Density

	
Distance Range




	
Decimal

	
Decimal

	
(m)

	
(People/km2)

	
(km)






	
U1

	
Phoenix Park

	
53.36

	
−6.32

	
45

	
2500–5000

	
0–15




	
U2

	
Casement Aerodrome

	
53.31

	
−6.44

	
91

	
1000–2500

	
0–15




	
U3

	
Glasnevin

	
53.37

	
−6.27

	
20

	
2500–5000

	
0–15




	
U4

	
Merrion Square

	
53.34

	
−6.25

	
19

	
2500–5000

	
0–15




	
U5

	
Dublin Airport

	
53.43

	
−6.24

	
69

	
500–1000

	
0–15




	
U6

	
Dun Laoghaire

	
53.29

	
−6.13

	
30

	
1000–2500

	
0–15




	
R1

	
Kilmichael, Cahore

	
52.56

	
−6.21

	
30

	
100–250

	
70–110




	
R2

	
Dunoge, Carrickmacross

	
53.98

	
−6.75

	
78

	
100–250

	
70–110




	
R3

	
Irishstown, Mullingar

	
53.54

	
−7.36

	
98

	
500–1000

	
70–110




	
R4

	
Gurteen, Tipperary

	
53.04

	
−8.01

	
75

	
500–1000

	
70–110




	
R5

	
Greenshill, Kilkenny

	
52.67

	
−7.25

	
61

	
500–1000

	
70–110
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Table A5. Details of weather stations in Oslo.






Table A5. Details of weather stations in Oslo.





	
ID

	
Name/Location

	
Latitude

	
Longitude

	
Elevation

	
Population Density

	
Distance Range




	
Decimal

	
Decimal

	
(m)

	
(People/km2)

	
(km)






	
U1

	
Besserud

	
59.96

	
10.67

	
177

	
2500–5000

	
0–15




	
U2

	
Haugenstua

	
59.96

	
10.91

	
123

	
2500–5000

	
0–15




	
U3

	
Lambertseter

	
59.87

	
10.81

	
135

	
2500–5000

	
0–15




	
U4

	
Sofienberg

	
59.92

	
10.77

	
37

	
2500–5000

	
0–15




	
U5

	
Blindern

	
59.94

	
10.72

	
94

	
2500–5000

	
0–15




	
U6

	
Disen

	
59.94

	
10.79

	
136

	
2500–5000

	
0–15




	
R1

	
Nøtterøy-Vestskogen

	
59.24

	
10.40

	
25

	
250–500

	
70–90




	
R2

	
Flesberg

	
59.86

	
9.45

	
183

	
25–50

	
70–90




	
R3

	
Nord-odal

	
60.26

	
12.05

	
147

	
25–50

	
70–90




	
R4

	
Nesbyen-Todokk

	
60.38

	
9.61

	
166

	
10–25

	
70–90




	
R5

	
Sigdal-Nedre Eggedal

	
60.14

	
9.44

	
143

	
25–50

	
70–90
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Table A6. Timeline of Victoria lockdown and restriction rules under COVID-19 outbreak. (Data source [65,66,67,68].)






Table A6. Timeline of Victoria lockdown and restriction rules under COVID-19 outbreak. (Data source [65,66,67,68].)





	Start
	End
	Public Gathering
	Restaurant, Bar & Café
	Shops & Retails
	Curfew
	Travel Distance





	26 March
	30 March
	Maximum 10 people
	Open
	Yes
	No
	No restriction



	31 March
	11 May
	Maximum 2 people
	Takeaway only
	Essential only
	No
	No restriction



	12 May
	31 May
	Maximum 10 people
	Takeaway only
	Essential only
	No
	No restriction



	1 June
	19 June
	Maximum 20 people
	Open with restrictions
	Essential only
	No
	No restriction



	20 June
	8 July
	Maximum 10 people
	Open with restrictions
	Essential only
	No
	No restriction



	8 July
	1 August
	Maximum 2 people
	Takeaway only
	Essential only
	No
	Within reasonable distance



	2 August
	13 September
	Maximum 2 people
	Takeaway only
	once per day per household
	8 p.m.–5 a.m.
	<5 km of home



	14 September
	29 September
	Maximum 2 people
	Takeaway only
	once per day per household
	9 p.m.–5 a.m.
	<5 km of home



	29 September
	26 October
	maximum 5 people from 2 households
	Takeaway only
	once per day per household
	9 p.m.–5 a.m.
	<5 km of home



	27 October
	23 November
	Maximum 10 people
	Predominantly outdoor with 10-person group limit
	Open with restrictions
	No
	<25 km of home
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Table A7. Brief timeline of New York City lockdown and restriction rules under COVID-19 outbreak.






Table A7. Brief timeline of New York City lockdown and restriction rules under COVID-19 outbreak.





	Key Dates
	Key Announcement





	1 March 20
	First COVID-19 case in New York State



	7 March 20
	NY Governor Andrew Cuomo declares a state of emergency



	12 March 20
	NYC Mayor Bill de Blasio declares a state of emergency



	13 March 20
	President Trump declares a national emergency



	16 March 20
	NYC public schools close



	17 March 20
	NYC bars and restaurants close, except for delivery



	22 March 20
	NYS on PAUSE Program begins, all non-essential workers must stay home



	28 March 20
	Halts all non-essential construction sites in NYS



	6 April 20
	NYS’s stay-at-home order and school closures extends to 29 April



	16 April 20
	NYS’s stay-at-home order and school closures extends to 15 May



	30 April 20
	NYC subway closures from 1 a.m. to 5 a.m.



	1 May 20
	Closes all schools for the remainder of the academic year



	7 May 20
	Extends PAUSE order to 6 June



	14 May 20
	Extends PAUSE order to May 28 for NYC



	14 May 20
	State of emergency for NYS extended to 13 June



	15 May 20
	Reopen of Drive-in theaters, landscaping, and low-risk recreational activities



	23 May 20
	Allows gatherings of up to 10 people with social distancing



	8 June 20
	NYC begins Phase 1 reopening



	22 June 20
	NYC begins phase 2 of reopening



	6 July 20
	NYC begins Phase 3 of reopening, without indoor dining



	19 July 20
	NYC begins Phase 4 reopening, excluding malls, museums, and indoor dining/bars



	2 September 20
	Gyms in NYC reopen, but indoor group workouts and pools stay closed



	9 September 20
	Malls in NYC reopen at 50% capacity with no indoor dining. Casinos reopen across NYS at 25% capacity.



	29 September 20
	Elementary students return to public school classrooms across NYC



	30 September 20
	Indoor dining in NYC resumes with a 25% occupancy limit
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Table A8. Brief timeline of the COVID-19 outbreak of Tokyo and Japan as whole country.






Table A8. Brief timeline of the COVID-19 outbreak of Tokyo and Japan as whole country.





	Key Dates
	Key Announcement





	16 January 20
	First confirmed case in Japan



	26 January 20
	Japan started evacuating its citizens from Wuhan, China



	10 February 20
	Virus spreading from Diamond Princess Cruise ship arrived in Yokohama Bay



	14 February 20
	Kyoto launched its empty tourism campaign



	27 February 20
	Prime Minister Abe Shinzo requested closure of all elementary, junior high, and high schools



	28 February 20
	Hokkaido prefecture was the first one to declare a state of Emergency



	25 March 20
	Tokyo governor Koike-san asked people to stay indoors over the weekend to stop community spread



	1 April 20
	Foreigners that have travelled to 73 different countries in the last 14 days will be denied entry to the country.



	7 April 20
	Prime Minster Abe Shinzo declare a state of emergency that cover Tokyo and six other prefectures.



	10 April 20
	Tokyo government offered financially compensated to businesses that agreed to reduce operating hours



	16 April 20
	Japan declared a national wide state of emergency



	14 May 20
	The state of emergency lifts from 39 prefectures, but not include Tokyo



	25 May 20
	Tokyo has lifted the state of emergency, international travel allowed from permitted countries



	27 May 20
	Tokyo ease up restrictions in three stages



	1 June 20
	Children allowed back to school
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Table A9. Brief timeline of Dublin lockdown and restriction rules under COVID-19 outbreak.






Table A9. Brief timeline of Dublin lockdown and restriction rules under COVID-19 outbreak.





	Key Dates
	Key Announcement





	29 February 20
	First confirmed case in the Republic of Ireland. Ireland entered the containment phase



	12 March 20
	Announced the closure of all schools, colleges, and childcare facilities until 29 March



	27 March 20
	Announced a national stay-at-home order unit 12 April



	10 April 20
	Extended the stay-at-home order unit 5 May



	1 May 20
	Extended the stay-at-home order unit 18 May



	18 May 20
	Phase one of the government’s roadmap of easing COVID-19 restrictions began



	8 June 20
	Phase two plus of the government’s roadmap of easing COVID-19 restrictions began



	29 June 20
	Phase three began, businesses reopened, including all pubs serving food, cafés, restaurants, hotels, hairdressers, beauty salons and tourist attractions



	15 July 20
	Phase four is postponed to 10 August; Pubs, hotel bars, nightclubs and casinos will remain closed; Restrictions on public gathering remained



	4 August 20
	Phase four will not proceed on 10 August; Restaurants and pubs serving food will now have to close by 11 pm except deliveries and takeaways



	7 August 20
	Confirmed cases increased, restrictions were applied to some counties



	15 August 20
	Announced of second spread of disease
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Table A10. Brief timeline of Oslo lockdown and restriction rules under COVID-19 outbreak.






Table A10. Brief timeline of Oslo lockdown and restriction rules under COVID-19 outbreak.





	Key Dates
	Key Announcement





	26 February 20
	First confirmed case



	12 March 20
	A national lockdown for 14 days



	16 March 20
	Introduced an internal border control



	28 March 20
	The government extended the lockdown until 13 April.



	14 April 20
	Internal border control has been extended for 20 days from 15 April



	20 April 20
	Kindergartens and schools are gradually reopening



	30 April 20
	Internal border control will be continued unit 16 May



	7 May 20
	Venues reopened in public places for maximum 50 people; a few community areas are reopening



	5 June 20
	People allowed back to office and workplace



	15 June 20
	Gym, water parks, and swimming pools are reopened; venues allowed maximum 200 people



	25 June 20
	Foreigner works and students allow to entry



	15 July 20
	Allow travel between Norway and other European countries



	7 August 20
	Government slow down the reopening and tightening control of the spread of infection



	12 August 20
	Continued internal border control from 14 August for 60 days.



	30 September 20
	More national infection control measurements are being replaced by local measurements.
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Figure 1. Factors that cause Urban Heat Island Effect. 
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Figure 2. Direct and indirect impacts of Urban Heat Island effect on human health. 
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Figure 3. Global Urban Footprint in the selected cities: (a) Melbourne, (b) New York City, (c) Tokyo, (d) Dublin, and (e) Oslo. The color scale represented the proportion of settlment areas in percentage. Areas in red or orange color are considered urban region with more than 50% of globa urban footprint, yellow color indicated the suburbs region, and green color indicated the rural area with less than 50% globa urban footprint. Urban weather stations are all within the most inner circle and the rest are the rural weather stations. 
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Figure 4. Population density in the selected cities: (a) Melbourne, (b) New York City, (c) Tokyo, (d) Dublin, and (e) Oslo. The color scale represented the population density in people per kilometer square. Areas with more than 1000 ppl/ km2 should considered as urban region with spectrum from orange to purple; areas with population density between 500–1000 ppl/ km2 are considered suburbs with yellow or orange color; and areas with less than 500 ppl/ km2 are considered as rural areas. 
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Figure 5. Melbourne UHI intensity analysis. The curves represented the UHI intensity patterns in last 5 years, and the red curve highlights the changes in 2020 with shaded regions that indicated the duration of lockdowns. Same format applies to rest of the figures. 
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Figure 6. New York City UHI intensity analysis. 
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Figure 7. Tokyo UHI intensity analysis. 
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Figure 8. Dublin UHI intensity analysis. 
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Figure 9. Oslo UHI intensity analysis. 
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Figure 10. Daily maximum air temperature of Melbourne urban area. 
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Figure 11. Daily maximum air temperature of New York City urban area. 
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Figure 12. Daily maximum air temperature of Tokyo urban area. 
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Figure 13. Daily maximum air temperature of Dublin urban area. 
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Figure 14. Daily maximum air temperature of Oslo urban area. The curves represented the daily maximum in last 5 years, and the red curve highlights the pattern in 2020. The red shaded regions were the duration of lockdown. 
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Table 1. Information about the selected cities.
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City

	
Geographical Location (Latitude, Longitude)

	
Population (Thousands)

	
Land Area (km2)

	
Köppen Climate Classification






	
Melbourne

	
Costal Area

	
4963

	
9993

	
oceanic climate (Cfb)




	
(37.81° S, 144.96° E)




	
Tokyo

	
Costal Area

	
35,600

	
13,555

	
humid subtropical climate (Cfa)




	
(35.68° N, 139.75° E)




	
New York City

	
Costal area

	
8337

	
783.8

	
humid subtropical climate (Cfa); humid continental climate (Dfa)




	
(40.78° N, −73.97° E)




	
Dublin

	
Costal Area

	
1111

	
317.5

	
marine west coast climate (Cfb)




	
(53.35° N, −6.27° E)




	
Oslo

	
Costal Area

	
693

	
426.4

	
humid continental climate (Dfa)




	
(59.91° N, 10.75° E)
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Table 2. Average UHI intensity of the selected cities from January to August.
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Year

	
Annual Average UHI Intensity (°C)




	
Melbourne

	
Tokyo

	
New York City

	
Dublin

	
Oslo

	
Overall






	
2016

	
0.99

	
0.53

	
0.68

	
0.25

	
0.69

	
0.63




	
2017

	
1.11

	
0.67

	
0.80

	
0.15

	
0.59

	
0.66




	
2018

	
0.88

	
0.65

	
0.90

	
0.05

	
0.74

	
0.64




	
2019

	
1.03

	
0.61

	
0.52

	
0.09

	
0.59

	
0.57




	
2020

	
0.89

	
0.56

	
0.41

	
0.22

	
0.61

	
0.54








Note: the year with overall highest UHI intensity is highlighted in red, and the year with lowest overall UHI intensity is hightligted in blue.
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