

  climate-10-00026




climate-10-00026







Climate 2022, 10(2), 26; doi:10.3390/cli10020026




Article



Air Pollution within Different Urban Forms in Manchester, UK



Mohammad Taleghani[image: Orcid]





School of Architecture, Leeds Beckett University, Leeds LS1 3HE, UK







Academic Editors: Constantinos Cartalis, Huizhong Shen and Qirui Zhong



Received: 20 November 2021 / Accepted: 14 February 2022 / Published: 16 February 2022



Abstract

:

Air pollution causes millions of mortalities and morbidities in large cities. Different mitigation strategies are being investigated to alleviate the negative impacts of different pollutants on people. Designing proper urban forms is one of the least studied strategies. In this paper, we modelled air pollution (NO2 concentration) within four hypothetical neighbourhoods with different urban forms: single, courtyard, linear east-west, and linear north-south scenarios. We used weather and air pollution data of Manchester as one of the cities with high NO2 levels in the UK. Results show that the pollution level is highly dependent on the air temperature and wind speed. Annually, air pollution is higher in cold months (45% more) compared to summer. Likewise, the results show that during a winter day, the concentration of air pollution reduces during the warm hours. Within the four modelled scenarios, the air pollution level in the centre of the linear north-south model is the lowest. The linear building blocks in this scenario reduce the concentration of the polluted air and keep a large area within the domain cleaner than the other scenarios. Understanding the location of air pollution (sources) and the direction of prevailing wind is key to design/plan for a neighbourhood with cleaner air for pedestrians.
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1. Introduction


According to the World Health Organization, annually, 7 million mortalities are associated with air pollution in the world [1], and 4.2 million of these are related to outdoor air pollution, which happens in large cities. The most important types of air pollution in cities are nitrogen dioxide (NO2), particulate matter (PM), ozone (O3), and sulphur dioxide (SO2). Road transport, power plants, residential heating, cooling and cooking, and waste sites are the main sources of pollution for urban dwellers.



In the UK, 28,000 to 36,000 premature deaths (annually) are related to air pollution [2]. Different types of pollutants are monitored by the Department for Environment, Food and Rural Affairs (DEFRA) in urban and non-urban environments [3]. The UK government has a plan to put an “end to the sale of all new conventional petrol and diesel cars and vans by 2040” [4]. European directives and national objectives in the UK set limitations for the different types of pollution. For instance, there are two limitations for nitrogen dioxide [5]:




	(a)

	
Its average annual level should not exceed 40 μg/m3.




	(b)

	
The concentration level should not reach 200 μg/m3 more than 18 times in a year.









To reduce the negative impacts of air pollution, some studies have looked at nature-based solutions, such as urban vegetation and parks [6], street trees [7,8], green roofs and walls [9], and different types of solid barriers [10]. These are considered as barriers to mitigate air pollution for the population in urban open spaces [11], or they focus on building occupants [12,13]. This paper investigates how different urban forms could impact the level of air pollution at a local scale. There is a lack of knowledge on the importance of urban forms and their impact on air pollution. Most of the previous studies considered city size, population, or traffic flows. This was due to the lack of high-resolution monitoring or modelling. For example, Liu et al. [14] in a study on 83 Chinese cities found out that air pollution concentrations increased consistently from small to medium, large, and megacities. They also suggested to increase the compactness of cities to reduce air pollution from roads. On the contrary, Mansfield et al. [15] looked at the impact of city size on public health. In a study on North Carolina’s Raleigh-Durham-Chapel Hill area, they showed that a compact development scenario could increase PM2.5 exposure by 39%, while a sprawling development scenario will reduce the exposure by 33%. These previous studies refer to the urban form, based on the compactness of cities or their population. The missing point in the literature is the impact of building (or urban block) configurations on air pollution. Guidelines such as this could be used by designers/planners in the early stage of urban design/planning to reduce air pollution for the population in public urban spaces.



Two main scenarios occur when pollutants interact with urban elements such as building walls or trees: dispersion or absorption. While dispersion happens instantly, absorption (sinking on plant leaves, for example) may take hours [16]. This adds to the importance of proper urban and landscape design to alleviate air pollution near the pollutant sources (e.g., highways) or areas with vulnerable populations (e.g., schools and kindergartens). It should be mentioned that vegetation is not efficient in sinking the NO2 pollution in urban environments [17]. This is due to the nature of NO2, as it deposits during the daytime and in the summer period.



Hence, in this paper, we focus on the dispersion effect of urban forms. Cities are designed (and/or evolved) with different forms. Ratti et al. [18] categorised different urban forms to pavilions, slabs, terraces, terrace-courts, pavilion-courts, and courts. These urban forms could be narrowed down to single, linear, and courtyard forms. In this paper, we will study the impact of these three urban forms on the concentration of air pollution (see Figure 1 for the examples of these urban forms in Manchester, UK). We designed a hypothetical case study with different urban forms. Manchester is one of the most populated cities in the UK, with poor air quality. Annual mortality in Manchester due to air pollution is over a hundred [19]. Among different pollutants, NO2 is one of the main critical ones that harm children, the elderly, and pregnant women. Under some circumstances, NO2 generates secondary pollutants such as ozone (O3), that can lead to further health issues such as asthma among children [20,21]. Therefore, we used hourly measured NO2 data of Manchester to model the impact of different urban forms on the pollution level within a hypothetical neighbourhood. The results of this study can help urban designers and planners, landscape architects, and policymakers to generate pollution-responsive urban design ideas for large cities such as Manchester.




2. Methods


2.1. Air Pollution and Meteorological Data


Air pollution (NO2) and meteorological data (air temperatures, wind speed, and relative humidity) in Manchester were retrieved from the UK Department for Environment, Food and Rural Affairs. These data are recorded hourly in the city centre of Manchester (Manchester Piccadilly station). After reviewing the annual data of 2019, we used the data of the most polluted day of the year (27 February 2019). It is worth mentioning that poor air quality in Manchester (and other cities) occurs during the cold periods of the year. This is due to the inversion effect when the height of the urban boundary layer is low [23], and the polluted air does not rise up to by replaced by clean air [24].



Figure 2 shows the daily NO2 concentrations from 2015 to 2019. We highlighted 27 February 2019, which is the day we chose for modelling. On this day, Manchester experienced the highest NO2 concentration in 2019 (80 μg/m3).




2.2. Micrometeorological Models


In this paper, ENVI-met (v 4.3.3 Science) [26] was employed to model the dispersion of air pollution (NO2) within different urban forms. ENVI-met is a CFD model that has four main components to simulate micrometeorological variables. Its components are (a) atmospheric (including turbulence, radiative fluxes, and pollution dispersion), (b) soil model, (c) vegetation, and (d) built environment (the physical domain and urban geometries) [27]. ENVI-met has been used in numerous studies to estimate human thermal comfort, heat mitigation strategies, and urban micrometeorology [28,29].



Four scenarios were designed that represent different urban forms (Figure 3). These scenarios are identical in terms of:




	
The domain size, which is 160 × 160 × 30 m (x × y × z), and grid cells are 1 × 1 × 1 m (x × y × z).



	
The ground surface material is asphalt (albedo 0.1), the building facades are covered with bricks (albedo 0.35), and the roofs are made with tiles (albedo 0.2).



	
A street on the left side of the domain that emits pollution (NO2).








The single scenario has identical single urban blocks, which are 10 × 10 × 10 m (x × y × z). The distance between all blocks (urban canyons) is 10 m. The courtyard scenario has courtyard blocks which are 15 × 15 × 10 m (x × y × z). The open space of the courtyard within the blocks is 5 × 5 × 10 m (x × y × z). The urban canyons are 15 m wide. Linear EW and linear NS are similar scenarios with different canyon directions. The length of the long blocks is 110 m, and the width and height are 10 m. The width of the urban canyons is 10 m.



To study the dispersion of pollution, a street line is located on the left side of the domain that emits 80 μg/m3 NO2, at a height of 0.5 m (approximately the height of vehicle exhaust). It should be noted that the only pollutant that we modelled was NO2. A constant wind direction was set from west to east to circulate the street pollution within the scenarios. NO2 and meteorological data to run the simulations were derived from Manchester Piccadilly Gardens station (as mentioned in Section 2.1), and 24 h were simulated, starting from midnight.



ENVI-met employs a standard advection-diffusion equation (Equation (1)) for the dispersion of air pollution [30]:


    ∂ u   ∂ t   + A   ∂ u   ∂ x   + B   ∂ u   ∂ y   + C   ∂ u   ∂ z   = α  (     ∂ 2  u   ∂  x 2    +    ∂ 2  u   ∂  y 2    +    ∂ 2  u   ∂  z 2     )   



(1)




where A, B, and C are the velocity components of the fluid (air pollution in this case) in x, y, and z directions, respectively.



α is the coefficient of diffusivity which is estimated via Equation (2):


α = CT/ρDρ



(2)




where CT is thermal conductivity, ρ is pressure, and Dρ is the specific heat of the fluid at constant pressure.



Manchester is located in the northwest of England. With mild summers (average 20 °C) and cool winters (average 2 °C), the climate is classified as temperate oceanic [31]. Due to global warming, temperatures have reached over 30 °C in summer during recent years. Manchester experiences a high amount of precipitation (810 mm in 2019), much like other British Isles. Different urban forms, such as single urban blocks, courtyard blocks, and linear urban forms, exist in Manchester. Buildings are mostly built by bricks, and streets and sidewalks are paved with asphalt.





3. Results and Discussion


3.1. Validation of the ENVI-Met Model


Several studies have validated ENVI-met micrometeorological results, focusing on air temperature [32,33], mean radiant temperature [34,35], surface heat island [36,37], wind speed [38], or thermal comfort [39]. In this study, we compared the measured air temperature from the weather station in Manchester Piccadilly Gardens with the results of ENVI-met in the four scenarios. In the simulated scenarios, we retrieved the air temperature data from the centre of the domains (point R2). Figure 4a,c,e,g show the diurnal comparison of measured versus simulated air temperatures, and Figure 4b,d,f,h show the scatterplots. These panels show the daily average correlation coefficient (R2) and root mean square deviation (RMSD).



In general, the simulated air temperatures show a very close estimation of the measured data. The best results occurred in the linear EW scenario, with an R2 of 99% and RMSD of 0.36 °C. The R2 result indicates that the estimations of ENVI-met from the fluctuations of air temperatures followed 99% similar to the measured data. The RMSD result shows that the accuracy of the ENVI-met estimation is in the range of ±0.36 °C.



In all scenarios, simulated air temperatures overestimated in the early hours, and during 11:00 to 16:00. To sum up, the average daily RMSD in all scenarios was below 0.78 °C.




3.2. Air Pollution in Manchester


Figure 5 shows the NO2 concentration (on the left vertical axis) and the air temperature (on the right vertical axis). The black and grey curves show NO2 concentrations, and the air temperature data are shown in orange. These data are the average monthly measurements in Manchester (Manchester Piccadilly air pollution station). The monthly NO2 concentrations of 2015–2019 and air temperature datasets show a negative correlation coefficient (−95%). In other words, air pollution is higher in cold months. The maximum monthly NO2 concertation occurred in February (~46.8 μg/m3). In the summertime, minimum pollution occurred in July, with 25.8 μg/m3 when the air temperature was 16.0 °C. The average annual NO2 concentration was 37.3 μg/m3.



The black line in Figure 5 illustrates the average monthly NO2 concentrations in 2020. The data of this year are shown separately to reflect the impact of the nation-wide lockdown on air pollution in Manchester. The UK government started the working from home policy on 17 March 2020 due to the Coronavirus. This significantly reduced vehicle use. The NO2 concentration in urban environments is highly dependent on vehicle emissions [40,41]. As a result, the NO2 concentration was significantly reduced in 2020. The maximum reductions were seen in April and May, with 20.9 and 17.1 μg/m3 compared to the average data from 2015–2019, respectively. Some businesses opened up in the middle of June in the UK. Appendix A (Figure A1) shows the NO2 concentrations in Manchester on 1 April, compared to a baseline (average 2015–2019). The annual average NO2 in 2015–2019 was 37.3 μg/m3 and in 2020 was 27.2 μg/m3.




3.3. Comparison of Air Pollution within the Four Scenarios


It was discussed that the air pollution (NO2) level has a direct (and negative) correlation with air temperature. Here, we compared NO2 concentrations and air temperatures in different simulation scenarios that were shown in Figure 3. Figure 6 shows the diurnal concentrations (panel a) and air temperatures (panel b) in the centre of the simulated domains (receptor point R2 in all scenarios in Figure 3).



Different diurnal NO2 concentrations occurred within the scenarios. The courtyard scenario had the highest average concentration, with 66.2 μg/m3, and linear NS showed the minimum with 11.7 μg/m3. During the warmest hours, single, courtyard, and linear EW scenarios showed a decline in NO2 concentration. This behaviour was seen before in Figure 5.



Figure 7 illustrates the distribution of NO2 and wind speed within the scenarios. As the maximum NO2 concentrations occurred at 9 a.m. (see Figure 6a), the panels in Figure 7 show NO2 distribution and wind speed at this time of the day. Among all the scenarios, linear NS traps the pollution close to the street area and keeps the rest of the domain less polluted. This is the reason why the NO2 concentration was significantly lower in linear NS in Figure 6a. This shows that urban geometries and ventilation can significantly change the pollution level. The average wind speed in the centre of the models was 1.0 ms−1 (single), 1.1 ms−1 (courtyard), 1.3 ms−1 (linear EW), and 0.1 ms−1 (linear NS). In summary, Figure 5 showed how temperature variations affect the NO2 concentration, and Figure 7 illustrates how urban forms affect ventilation and consequently the pollution level in a microclimate.




3.4. Spatiotemporal Analysis of the Four Scenarios


Here, we will individually explore the scenarios. This helps to understand the distribution of pollution in each scenario. In Figure 3a, three receptors were placed in the single scenario. They are in the first (R1), third (R2), and fifth canyons (R3). As Figure 8a shows, the NO2 concentration and wind speed decreased from the first canyon to the fifth one. The correlation coefficient between these two parameters (NO2 concentration and wind) was 95%. The pollution difference between the first canyon (R1) and fifth canyon (R3) was 67 μg/m3 on average during the day. The physical distance between these two points was 80 m.



Regarding the courtyard scenario, R1 is located inside a courtyard, and R2 is placed in the centre of the domain (shown in Figure 3b). Comparing the average NO2 concentration and windspeed shows that the protected environment of the courtyards’ interiors with lower wind speed had a lower NO2 level. The concentration difference between inside and outside of the courtyard was 59 μg/m3 on average during the day.



In the linear EW and linear NS scenarios, the NO2 concentrations also reduced from west to east. At the same time, the wind speed did not significantly change. In linear EW, the concentration difference between the west and east points (R1 and R3) was 30 μg/m3. In the linear NS scenario, the NO2 difference between R1 (first canyon) and R3 (fifth canyon) was 14.2 μg/m3. It is worth mentioning that R3 in the linear EW scenario (24 μg/m3) had a higher NO2 level than R1 in the linear NS scenario (22 μg/m3).





4. Caveats


In this paper, we used the air pollution (NO2) data of Manchester. These data are recorded in the city centre of Manchester (Manchester Piccadilly station), which is one of the busiest areas in the city. It should be noted that this point does not represent the whole city. Therefore, when we analyse the NO2 level in Manchester (Section 3.2), we refer to this area of the city. The other areas in the city with different vegetation fraction, ventilation rate, traffic flow, and other environmental factors may experience lower (or even higher) pollution levels.



Regarding the design of the scenarios, we modelled four hypothetical neighbourhoods that only have one street on their west side. These four urban forms were inspired by the real conditions in the city (Figure 1). We also set a constant wind (for the 24 h) from the west to bring the pollution (NO2) to the neighbourhoods. This allowed us to study the behaviour of the pollution within different neighbourhoods. However, this situation is hardly seen in the real world as:




	(a)

	
The emission of air pollution from road traffic is not fixed in a 24 h period. We designed this constant emission to study the impact of air temperature fluctuations on air pollution.




	(b)

	
The scenarios only have one street on their west side which emits pollution to the neighbourhoods. The rest of the canyons are considered for pedestrians. In real conditions, it would be hard to find 3 to 5 urban canyons with no polluting vehicles.




	(c)

	
This study limited the air pollution to the NO2 that was dispersed from the street. In real life, there are multiple sources of air pollution (such as buildings that use gas for heating or cooling). By excluding such sources, the aim of the paper was to show how different urban forms affect pollution dispersion from a nearby busy road.









Regarding the air pollution that we modelled in this paper, NO2 is not the only pollution type in cities. Different pollutants interact with each other and may generate secondary pollutants under some circumstances. As such, NO2 could lead to ozone (O3) and nitrogen monoxide (NO).



Finally, the results of the NO2 level in each neighbourhood should be limited to the conditions of this study. In other words, although the linear NS scenario reduced NO2 concentrations in this study, other scenarios might perform differently under other circumstances (with different wind directions, or multiple pollutant sources). Therefore, this paper recommends thorough investigation within different urban open spaces based on the prevailing wind direction and the location of pollutant source(s).




5. Conclusions


In the first part of this paper, the air pollution (NO2) level was studied in Manchester, as one of the most polluted cities in the UK. The historic data showed that the NO2 level is higher in winter months. On average, the NO2 concentration in February was 21 μg/m3 higher than in July (45% more), in Manchester. Due to the national lockdown in England, the NO2 concentration was 10.1 μg/m3 lower in 2020 compared to the average of the previous five years (2015–2019). This shows the importance of air pollution reduction in the wintertime, when the vegetation fraction in cities is at its lowest rate in the year.



Proper urban design could be a solution to reduce the negative impacts of air pollution in winter. To study that, four neighbourhoods with different urban forms were designed. The distribution of NO2 in those neighbourhoods was studied on one of the winter days in Manchester with a high pollution level (80 μg/m3 NO2, on the 27 February 2019).



The results showed that the four urban forms responded differently to the identical air pollution source in the neighbourhoods. A fixed wind direction from the west was set up to disperse NO2 from the west side to the rest of the neighbourhoods’ areas. The results showed that the linear NS scenario could block the wind, and consequently NO2 was deviated to the north and south sides of the neighbourhood. This maintained the middle area of the domain as having the lowest amount of NO2. In other scenarios, the NO2 level was higher as the wind was not blocked through the neighbourhoods. It should be noted that as the wind decreased in other scenarios from west to east, the NO2 level was significantly reduced.



The significance of this paper is to show that different urban forms affect the concentration of air pollution for their pedestrians. This finding could be used by urban designers/planners and architects to consider this factor in their early design stages. The urban forms studied in this paper were simplified to make it generalisable. Most significantly, these four urban forms affect the wind pattern, which consequently changes the circulation of the air pollution (NO2 in this case). Therefore, it is important for a designer/planner to consider the prevailing wind direction and the position of air pollution source(s) before designing a neighbourhood. Proper design of a barrier could reduce the air pollution for the population in urban open spaces. In this paper, the experiments showed that the linear NS scenario could block the air pollution coming from the street, and the other urban forms allowed the air pollution to circulate through their neighbourhoods. If changing the urban morphologies was not possible, solid (or green) barriers could be modelled to test their impact(s) on the air quality of an existing neighbourhood.



It should be noted that these urban forms caused different pollution levels based on the location of the polluting street (source) and the constant wind direction from the street. Different sources of pollution and wind directions can develop other situations in urban environments. The experiment conducted in this paper is just one of the possibilities that could occur in the real world. Therefore, this paper suggests thorough modelling of urban air pollution during early design stages.
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Figure A1. Comparison of NO2 concentration between 1 April 2020 and the same day in the baseline of the 2015–2019 average, image credit: NASA [42,43]. 






Figure A1. Comparison of NO2 concentration between 1 April 2020 and the same day in the baseline of the 2015–2019 average, image credit: NASA [42,43].
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Figure 1. (a–e) Different urban forms in Manchester (images are from Google Maps). (f) Ground-level NO2 observed by the Socioeconomic Data and Applications Centre of NASA (SEDAC by Columbia University) [22]. 
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Figure 2. Average daily NO2 concentration in Manchester [25]. 
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Figure 3. Four modelled scenarios with different urban forms: (a) single, (b) courtyard, (c) linear EW, and (d) linear NS. 
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Figure 4. Comparison of measured versus simulated air temperature results in single (a,b), courtyard (c,d), linear EW (e,f), and linear NS (g,h) scenarios. 
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Figure 5. NO2 concentrations and air temperatures in Manchester. 
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Figure 6. Diurnal NO2 concentration (a) and air temperature (b) in the centre of the four scenarios. 
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Figure 7. Spatial distribution of NO2 concentration in the four scenarios at 9 a.m. 
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Figure 8. Comparison of wind speed and NO2 concentration within the four scenarios: (a) Single scenario, (b) Courtyard scenario, (c) Linear EW scenario, and (d) Linear NS scenario. 
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