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Abstract

:

Numerous studies have examined the impact of urban form on microclimate and thermal comfort at street level. However, the relationship between air pollution concentration and urban form, particularly vegetation and building arrangement, is less considered among planners and designers, and not many case study examples are available in the literature. To address this gap, this paper provides additional evidence and a case study example, illustrating the impact of the built environment on air pollution in urban areas. The Golden Lane Estate, a residential development that has valuable and repeatable urban design and architectural features and is located near a highly congested and polluted area in central London, was selected as the study site. The analysis involved a combination of fieldwork spot measurements and computational modelling (ENVI-met), considering physical features of urban blocks, levels of air pollution, and meteorological parameters (using data from local meteorological stations). The site modelling simulated current conditions and a condition without vegetation to better understand the impact of vegetation on pollutant concentration. The results indicate that urban form and vegetation arrangements significantly affect wind speed and direction, exacerbating air pollution within street canyons of varying aspect ratios. Such findings contribute to the expanding field of hyperlocal scale measurement and underscore the need for guidelines regarding the optimal placement, scale, type, and distribution of vegetation within street canyons.
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1. Introduction


Currently, cities host 57% of the global population. They are expected to play a crucial role in championing innovative and integrated solutions geared towards fostering a climate-responsive and efficient built environment. The EU Recovery Plan [1] emphasises that a pivotal step in this direction involves the retrofitting of the existing building stock, with a specific focus on the neighbourhood scale to interconnect multiple and closely related urban layers (e.g., buildings, infrastructures, greening, mobility, etc.) in ways that positively enhance the quality of the built environment. Additionally, this approach encourages the adoption of participatory methodologies and co-creation mechanisms [2,3,4], ensuring that the community’s concerns regarding the impact of urbanisation and climate change are actively addressed.



City dwellers in low-, middle-, and high-income countries are breathing severely polluted air. In fact, the World Health Organization (WHO), in its announcement in 2018, has stated that nine out of ten people breathe polluted air every day [5]. Additionally, during its first-ever Global Conference on Air Pollution and Health in Geneva in 2018, WHO announced that these high levels of air pollution constitute the greatest environmental risk to human health. This declaration urged global leaders, governments, policymakers, and stakeholders to take bold actions and implement a range of measures to improve air quality within the next decade [6].



Of particular significance is the district energy production known as Positive Energy Districts (PEDs) and Energy Communities (ECs), which have garnered recognition as emerging neighbourhood models capable of spearheading the transition towards climate-neutral and resilient urban systems [7,8,9]. These models hold immense potential for improving air quality in urban spaces, as they adopt environmentally conscious practices that minimise pollutant emissions and contribute to cleaner air. By emphasising energy efficiency, renewable energy sources, and sustainable infrastructure, PEDs and ECs play a pivotal role in reducing harmful air pollutants and fostering a healthier urban environment.



In the planning phase of district-scale (neighbourhood) interventions, such as PEDs and ECs, there is an increasing focus on tackling air quality issues as a top priority [10]. According to the Environmental Environment Agency (EEA), air pollution is the most impactful environmental risk on health. Continuative exposure to high levels of fine particulate matter (PM2.5) is proven to have a severe impact on human health, causing breathing problems, cardiovascular and pulmonary diseases, lung cancer, and also the highest probability of premature mortality [11]. In particular, the elderly, children, and people with pre-existing health problems are more vulnerable to the health impacts of air pollution [12]. Efforts are directed towards implementing measures that mitigate emissions, enhance air circulation, and create green spaces that act as natural filters, thereby purifying the air in the urban environment. It is, therefore, important to understand the impact of urban form and activities on air velocity and circulation [13], and how parameters such as greenery, trees, and vegetation can be effectively used to reduce air pollution within urban spaces [14,15]. This proactive approach in the early stages of development ensures that air quality considerations are seamlessly integrated into the neighbourhood’s fabric, leading to sustainable and breathable urban spaces.



In Europe, despite the implementation of several efforts by central governments—i.e., EU quality standards to protect human health and the environment (https://environment.ec.europa.eu/topics/air/air-quality_en (accessed on 15 July 2023))—city planners, and local agencies, urban dwellers are still exposed to unacceptable levels of pollutant concentrations. These levels exceed the national and international legal air quality obligations and objectives set by the EEA and the WHO. Dense urban areas, in particular, face higher air pollution concentrations compared to the outskirts and surrounding areas [16]. The major sources of air pollution in cities are traffic emissions and domestic fuel burning. In these cases, the dense urban setting hinders wind flow, resulting in air stagnation. This stagnation allows pollutants emitted from vehicle exhaust and chimney smoke to accumulate, exacerbating air pollution within the inner parts of cities. Air pollution poses a clear problem for human health and the environment. In response, numerous mitigation strategies have been proposed or already implemented. As such, in recent years, the use of trees to improve air quality has gained increasing recognition as an effective strategy for removing or dispersing pollutants [17,18,19,20,21,22].



Many municipalities consider urban trees, vegetation barriers, green walls, and green roofs as effective urban planning solutions to improve liveability and enhance air quality in urban areas [23]. The positive impact of urban green infrastructures has been extensively studied, particularly in relation to the Urban Heat Island Effect (UHIE). These green elements provide shade and evapotranspiration, which can reduce surface temperatures and peak summer air temperatures by 1–5 °C [24,25,26]. According to Livesly et al. [27], well-arranged networks of green open areas cutting through the entire built-up area can regulate the local wind caused by the city’s Heat Island Effect. This not only creates more pleasant spaces between buildings for urban dwellers but also enhances the quality of outdoor areas by improving pedestrian thermal comfort and encouraging people to spend time outside and engage with their environment on various levels. In addition to these benefits, urban green infrastructure offers other advantages, such as reducing water runoff through canopy interception during rainfall [28,29,30]; lowering building energy loads by strategically planting trees to provide shade and reduce air-conditioning usage, thereby lowering greenhouse gas emissions [31,32,33]; attenuating noise through vertical greenery systems [34,35,36]; and enhancing the quality of outdoor spaces through the botanical, aesthetic, and social value of green spaces [37,38,39,40,41,42,43,44,45,46,47,48].



Regarding air pollution, numerous studies suggest that trees mitigate air pollution through the deposition of particulate matter [49,50,51]. However, it should be noted that increasing the number of trees and vegetation can modify the urban form, which directly impacts the urban microclimate. This modification can have a pronounced effect on urban wind flow and air volume, leading to a decrease in air velocity around trees. As a result, the dilution rate and air exchange are reduced, potentially leading to higher concentrations of pollutants at the hyperlocal scale at the pedestrian level [52]. The positive impact of trees on improving air quality is primarily linked to two main features. First, trees absorb gaseous pollutants, such as CO2, NOx, O3, and SO2, through the stomata on their leaves. Second, vegetation has the capacity to trap fine particulates on its leaves and bark. The effectiveness of these benefits depends on various factors, including the type of pollutant particles (size and shape), characteristics of the green infrastructure (species, arrangement, porosity, foliage), and meteorological parameters (wind flow velocity and direction, air temperature, and relative humidity). To date, many studies have used deposition models [47,53,54,55] to estimate the capacity of vegetation to remove pollutants. However, the effects of urban forests in terms of reducing pollutant concentrations are found to be rather limited, with reductions of up to about 2%. Having said that, there may be slightly higher deposition in the summer due to a larger leaf area density [56].



The mitigative effect of urban greenery on air pollution is only one aspect of the equation; however, urban vegetation can also have a negative effect by increasing local air pollutant concentrations [15,57]. It has been demonstrated that, under certain circumstances, trees acting as obstacles in an urban setting can reduce wind velocity and result in an increase in pollutant concentrations at the pedestrian level. Several studies [58,59,60], utilising wind tunnel experiments and Computational Fluid Dynamics (CFD) simulations, have confirmed that this issue is particularly prominent along urban street canyons. It mainly depends on factors such as wind direction and speed, the aspect ratio of the street canyons (W/H = Width/Height), and to a lesser extent, the arrangement of tree plantings and foliage density. However, it is necessary to reconsider the general notion that planting trees on streets with moderate traffic can always be considered as an effective strategy for reducing air pollution levels.



As mentioned earlier, there are numerous variables that influence and determine urban air quality. Therefore, in addition to considering green infrastructure, we should also take into account the form and geometry of buildings, as they can significantly impact the retention or dispersion of pollutants [61,62,63]. Based on these findings, in order to enhance the dispersion of air pollution in outdoor spaces, we need to assess both the effects of vegetation layout and building arrangements using specific methods tailored to each particular case.



Within this perspective, the present study investigates the concentration and dispersion patterns of outdoor air pollution in a real residential urban block in London. The aim is to document how air pollution concentrations are influenced by the built form and vegetation within the area. It should be noted that this paper focuses on a single meteorological and climatic condition, and a comprehensive assessment would require an extended analysis encompassing different environmental and weather conditions over the course of a year. In the following sections, this paper describes the main objectives, the methodology adopted, the key findings, and the potential for future studies.




2. Aims and Objectives


This research investigates the concentration of air pollution within an existing residential city area using fieldwork analysis and computational modelling. The Golden Lane Estate, located in central London, was chosen as a case study due to its proximity to one of the most congested and polluted areas in the city. The housing development has unique characteristics that create sheltered residential blocks with a population density of 500 p/ha [64] and an inward configuration, resulting in a series of courtyards, protected green spaces (including grass and trees), and microclimates [65,66]. In the context of Golden Lane’s “city within the city” layout, several questions arise regarding the potential role of the urban form in influencing, not only outdoor thermal comfort, but also the air quality within the enclosed urban spaces. Therefore, the following specific objectives were defined for this study:




	1.

	
To measure and monitor the impact of green infrastructure (GI) and building arrangements on the concentration and dispersion of air pollutants (specifically, PM2.5, PM10, and NO2).




	2.

	
To assess and better understand the relationship between the dispersion of air pollutants (PM2.5, PM10, and NO2) and meteorological parameters, such as air temperature, relative humidity, and wind velocity, thereby providing detailed insights into the complex nature of the air quality dynamics in the study area.










3. Methodology


To ensure broader applicability of the results, this study selected a typical building configuration that represents the conditions and characteristics commonly found in various built settlements across cities with high, medium, and low densities. Based on the Local Climate Zone (LCZ) scheme developed by Stewart and Oke [67], the site can be classified as an “Open high-rise (LCZ 4)” area with an aspect ratio ranging from 0.75 to 1.25. The open high-rise is one of the 10 LCZs defined by Stewart and Oke. It is characterised by tall buildings (taller than 25 m) that are widely spaced, with large areas of exposed ground or water between them. Similarly, the selected site consists of tall buildings, spanning several stories, with an open arrangement and access to a reasonable amount of green infrastructure and scattered trees. The chosen case study site underwent a comprehensive analysis, combining fieldwork measurements with computational modelling and simulation. This analysis considered both the levels of air pollutants and meteorological parameters, such as air temperature, relative humidity, and wind velocity. Additionally, urban physical features, such as buildings’ geometry, voids/open spaces, and green spaces, were recorded and documented. In the modelling process, besides the current conditions (with vegetation), a scenario without vegetation was also simulated to better understand the relationship between vegetation and pollutant concentrations.



3.1. Case Study Selection and Description: Golden Lane Estate


Golden Lane Estate was constructed in the northeast part of the City of London after the Second World War on a site that had been heavily damaged by bombings. The Estate’s design was the outcome of an architectural competition with the aim of creating high-density, affordable modern housing for individuals working in the city (see Figure 1, left). The competition’s winning design was submitted by Jeffry Powell. Following this, three young architects—Chamberlin, Powell, and Bon—decided to collaborate and form Chamberlin, Powell, and Bon (CP&B) to develop the final built scheme [64]. Modernist architecture greatly influenced this project, as the architects adopted an innovative design approach that diverged from traditional urban forms, such as rows of houses along streets. Instead, they created self-contained blocks organised around predominantly communal spaces.



The residential blocks within Golden Lane Estate are arranged perpendicular to each other, creating a dynamic succession of outdoor space organised in a series of characteristic courtyards. These blocks are supported by a public ground that contributes to the formation of sunken and canted spaces (see Figure 1, right). At the podium level, there are several passages, both physical (serving as various access routes to the Estate) and visual (providing opportunities to see inside), which enhance the permeability of this area and promote its continuous use. To revitalise the area and foster a greater sense of belonging and hope among the residents, the facades of the Estate feature cladding panels in different colours. Taking inspiration from Le Corbusier, primary colours were used: red and blue panels adorn the main facades of the maisonettes, while Great Arthur House, the tallest building, incorporates a curtain wall finished with yellow Pilkington glass.



The Golden Lane Estate is surrounded by four streets. The busiest street among the four is Goswell Road, running in a north–south direction, with an average daily flow of 14,904 vehicles per year [68]. Golden Lane Street and Baltic Street experience a moderate level of traffic, while Fann Street, being a one-way road, has relatively low traffic. The main pedestrian accesses are located on Goswell Road and Golden Lane, while the only vehicle access to the inner courtyard is via Fann Street. Information related to vegetation characteristics, such as species name, height, crown shape/size, clear stem height, Leaf Area Density (LAD), leaf persistence, and surface cover, is described in Table 1. The greenery properties and associated details were obtained from a number of previous studies [22,58,69,70,71,72,73,74] and cross-checked by fieldwork observation.




3.2. Fieldwork: On-Site Spot Measurements


In order to gain a comprehensive understanding of the outdoor microclimatic conditions at the site, selected points were identified, and measurements were conducted. A multi-function vane meter equipped with a thermometer, hygrometer, and anemometer (refer to Table 2) was utilised to assess air temperature, relative humidity, and wind velocity. The instrument is compact and lightweight, and capable of measuring temperatures from 0 °C to 50 °C (with a resolution of 0.1 °C), relative humidity from 10% to 95% RH (with a resolution of 0.1% RH), and wind speeds from 0.4 m/s to 30.0 m/s (with a resolution of 0.1 m/s).



To measure the concentration of air pollutants, such as PM2.5, PM10, and NO2, in real time at specific locations, an Aeroqual portable air quality monitor device (refer to Table 3) was employed. The device utilises interchangeable “sensor heads” attached to the monitor base to facilitate spot measurements. There are 27 different sensor heads available, each containing a single gas or particle sensor. Swapping sensor heads does not necessitate configuration or re-calibration. Nevertheless, all sensor heads were calibrated by co-locating them alongside a reference monitoring station of higher accuracy prior to the measuring day.



All measurements were gathered on a partially sunny autumn day (25 October 2018) between the hours of 13:00 and 16:00, with a reference height of 1.5 m above ground level. The study subsequently adapted and applied the following method to collect and analyse the acquired data:




	-

	
Single values were recorded for air temperature (°C) and relative humidity (%);




	-

	
Minimum and maximum values were recorded in a 3 min interval for wind speed (m/s);




	-

	
Average values were recorded for PM2.5, PM10, and NO2 (μg/m3);




	-

	
Selected points are shown in Figure 2, and detailed measurement results are reported in Table 4.









Data related to street-level road traffic and road length, as well as information about buildings’ form, including height and geometry, vegetation type and size, and surface materials, were recorded and collected using a combination of conventional field measurements, satellite-based measurements, road traffic counts from the Department for Transport, and official GIS documents/maps provided by Ordnance Survey, the UK’s governmental mapping agency. The data collected from official GIS sources were cross-checked and verified against conventional field measurements. In certain instances, aerial perspectives from Bing Maps and Google Maps were utilised to reduce the potential for errors.




3.3. Computer Modelling and Simulation Configuration


Evaluating urban microclimate conditions requires considering numerous interrelated parameters, including buildings’ form and their typology, materials, and vegetation, as well as their distribution, local microclimate conditions (temperature, relative humidity, wind direction and speed), and pollutant dispersion and concentration. To account for all these variables, simulations were conducted using the comprehensive modelling and simulation application ENVI-met v.4.4.



ENVI-met is a three-dimensional non-hydrostatic microclimate model that employs the fundamental principles of fluid dynamics and thermodynamics to calculate and simulate microclimates in urban areas. The model solves the differential equations on a staggered grid system using the finite difference method and incorporates Reynolds-averaged Navier–Stokes (RANS) equations to parameterise turbulent flows. Typical grid resolutions range from 0.5 to 10 min space, with a time step of 1 to 5 s. This level of resolution enables the analysis of interactions among individual buildings, surfaces, and plants at different scales [75].



The application structure of ENVI-met can be divided into three parts: input, simulation, and output. Once input data, such as site configuration, location, climatic conditions, and the investigation period, are entered, ENVI-met applies calculation models and equations to run the simulation. The results are organised into folders containing various output files, which can be read and analysed using a tool within ENVI-met called Leonardo. Leonardo enables the visualisation of the spatial distribution of specific microclimate variables and pollutant dispersion using Outdoor Microclimate Maps (OMMs). In the specific context of this research, the ENVI-met input data are summarised in the following tables (refer to Table 5 and Table 6).



To increase accuracy and minimise the influence of initialisation and convergence errors, the simulation was run for 6 h before and after the sampling period, as recommended by Salata et al. [76]. Therefore, a 12 h simulation cycle was chosen. Since the field spot measurements were conducted for only one and a half hours, data from the closest air monitoring station to the site were used to fill in the missing data for the total simulation time of 12 h. The selected time for comparing computational modelling and field spot measurements was 15:00 (UTC). This temporal selection aligns with the midpoint of the spot measurement window, ensuring meaningful synchronisation between the model output and on-site measurements. The values obtained from our spot measurements provided insights into the behaviour and concentration of air quality at different locations within the site. Similarly, our simulation model concentrated solely on pollution concentration at a specific time rather than the pollution levels. As outlined in the aims and objectives, this paper primarily investigates the influence of the urban microclimate on air pollution concentration, diverging from a focus on pollution levels. Despite potential limitations in capturing temporal variations with only one record for variables sampled at different locations, a singular representative hour not only facilitates a concise examination of the model’s performance but also provides valuable insights into comparative aspects of pollutant concentration. This approach sheds light on spatial patterns, contributing meaningfully to the research objectives.



Two air monitoring sites were identified near the site: ‘City of London—Beech Street’, located approximately 300 m way, and ‘City of London—Sir John Cass School’ about 1.7 km (1700 m) away. After careful examination and comparison, the data from the ‘City of London—Sir John Cass School’ air quality station were selected for use in this study. This station provided data on the key urban pollutants of interest, namely, NO2, PM10, and PM2.5.



Furthermore, the ‘Sir John Cass School’ (Figure 1) monitoring site is categorised as ‘Urban Background’ and differs from Kerbside and Roadside monitoring sites in that it is not dominated by a single nearby pollution source. Urban background monitoring sites are designed to capture the ambient pollution level, which can be attributed to multiple sources, such as vehicle traffic, airports, car parks, gas boiler flues, and nearby construction sites. Typically, these sites are located approximately 50 m away from major pollution sources and more than 30 m way from busy roads. Extracting data from such a monitoring site provides a better representation of a typical residential area, with similarities in microclimate and pollution exposure to our study site. For meteorological parameters, such as air temperature (°C), relative humidity (%), and wind velocity (m/s), data from the closest station to the site, St. James’ Park station, located 3.8 km (3800 m) away (Figure 1), were used.



It is important to note that ENVI-met models are not reliable at their model borders and in close proximity to them. To ensure accuracy and numerical stability of the simulation results, the nesting area of all simulation scenarios was chosen to be sufficiently large. A nesting area refers to a more localised and higher-resolution subdomain intricately incorporated within a broader and coarser-resolution subdomain. This method is employed to enhance simulation accuracy in specific areas of interest, such as around buildings or within vegetated areas. Following the guideline prescribed by Conry et al. [77], five nesting grid cells (Figure 3) were set on each side of the model. Additionally, based on Erel et al. [78], the z-grid was set to three times the height of the tallest building in the model site.



The results of the ENVI-met simulation were subsequently compared with the field spot measurement values. Further analysis and validation are provided in the Results and Discussion sections of this paper.



The scenarios that were modelled and simulated represent the current conditions of the site, including the existing and unchanged configuration of buildings and vegetation. However, to gain a better understanding of the relationship between vegetation and pollutants dispersion, a no-vegetation scenario was also simulated for both areas. The input files for this scenario remained unchanged, except for the removal of vegetation from the model.





4. Results


Microclimate variables and pollutant dispersion were investigated at 15:00 on 25 October 2018 and represented in vertical and horizontal sections at a height of 1.5 m above the terrain. The applied methodology yielded different outcomes: on-site measurements provided spot values at specific points, while ENVI-met simulations, using Outdoor Microclimate Maps (OMMs), allowed for visualising the spatial distribution of values across the Estate. To facilitate direct comparison of the results, an analogous colour scale was employed for each analysed variable in both methods: light colours corresponded to lower values, while dark colours indicated higher values.



The results are presented for the analysed microclimatic variables and pollutant dispersion values, including temperature, relative humidity, wind velocity, PM2.5, PM10, and NO2. For each variable, three images are provided. The left image displays the visualisation of spot measurements, and the central image shows the scenario based on the OMM obtained from the ENVI-met simulation, representing the existing situation. The right image illustrates the no-vegetation scenario, also based on the OMM obtained from the ENVI-met simulation.



4.1. Air Temperature (°C)


The three images allow us to assess the distribution of air temperature (°C) in the outdoor spaces of Golden Lane Estate (Figure 4). By comparing the images, we can observe that the air temperature is relatively uniform throughout the site, with a temperature difference of approximately 2 °C between the warmer and cooler areas, as indicated by both spot measurements and OMMs. Courtyard 1 and Courtyard 4 exhibit higher air temperature values, while a slight temperature reduction can be observed under the covered pedestrian passages connecting Goswell Road to Courtyard 1 and Courtyard 1 to Courtyard 4. The lowest temperature was recorded beside the block adjacent to Fann Street.



Since this assessment took place at 15:00 in October, a portion of solar radiation was blocked by the tall buildings situated on the southern part of the site (opposite Fann Street), casting long shadows. The temperature in this area further decreased due to the presence of rows of low-height trees.



Focusing on the analysis of the current scenario depicted in the left and central images (Figure 4), a consistent pattern of air temperature distribution can generally be observed. However, the value measured under the covered walkway connecting Goswell Road to Courtyard 1 appears to be inconsistent with the ENVI-met simulation result. This discrepancy is believed to be due to direct solar radiation exposure during the fieldwork.



When comparing the current scenario with the no-vegetation scenario simulated using ENVI-met, the presence of greenery does not significantly influence air temperature values. The only notable variation is observed along Fann Street, where the presence of trees leads to a decrease in temperature values (due to evaporative cooling and the shading effect of tree crowns).




4.2. Relative Humidity (%)


The images depict the distribution of relative humidity (%) in the outdoor spaces of Golden Lane Estate (Figure 5). Upon comparing the fieldwork measurements and OMMs, no significant variations in relative humidity values are observed. The maximum difference, evaluated through both spot measurements and OMMs, is less than 5%.



The analysis reveals a close correlation between air temperature and relative humidity distribution. By observing the ENVI-met simulations at 15:00 (Figure 6 and Figure 7), it becomes apparent that areas with higher relative humidity values correspond to areas with lower air temperature values, and vice versa. ENVI-met Outdoor Microclimate Maps, representing the real scenario and the no-vegetation scenario, emphasise how the presence of green canopies along Fann Street and Golden Lane Street contributes to increased relative humidity values in the surrounding areas. To a lesser extent, the presence of a water pool in Courtyard 2 and the existence of grass in Courtyard 3 and Courtyard 4 also contribute to a higher percentage of relative humidity when compared to a scenario without vegetation.




4.3. Wind Velocity (m/s)


The three images provide visualisations of wind velocity (m/s) and, in the case of ENVI-met simulations, wind direction in the outdoor area of Golden Lane Estate (Figure 6). Based on fieldwork measurements and meteorological data used for ENVI-met simulations, the prevailing wind flow on the specified date was from the southwest to the northeast direction. The images demonstrate that wind velocity is closely influenced by the layout of the site and the configuration of streets. Narrow passages and street sections with a low height-to-width ratio result in an increase in airflow speed. In the case of Golden Lane Estate, this phenomenon is observed along Fann Street and in the covered passages connecting Courtyard 1 to Courtyard 2 and Courtyard 3 to Courtyard 4, where the airflow is constrained, leading to the highest values of air velocity.



By comparing fieldwork measurements and the real scenario simulation in ENVI-met, depicted in the right and central images, a positive correlation in the pattern and values of wind velocity is evident. The arrangement and disposition of trees have a significant impact on airflow direction and velocity. The analysis of the current and no-vegetation scenarios simulated by ENVI-met demonstrates how the presence of trees acts as an obstacle to airflow, resulting in a noticeable decrease in wind velocity. This effect is particularly prominent in Fann Street, where a dense tree canopy obstructs the regular airflow and reduces wind velocity compared to a scenario without vegetation.




4.4. NO2 Concentration (μg/m3)


The images show NO2 concentration (μg/m3) in the outdoor spaces of Golden Lane Estate (Figure 7). NO2, or nitrogen dioxide, is a brown gas produced during fuel combustion processes, such as the use of petrol or diesel in vehicle engines, or natural gas in domestic heating [79]. NO2 has both health and environmental impacts: breathing air with high concentrations of this gas can irritate airways and worsen respiratory conditions like asthma and allergies [80,81]. Additionally, when NO2 interacts with water, oxygen, and other chemicals in the atmosphere, it can contribute to the formation of acid rain and air haze.



The results from fieldwork measurements and ENVI-met simulations indicate elevated levels of pollutant concentration along the streets surrounding Golden Lane Estate. Since motor vehicles are one of the major sources of NO2 pollutants, the busiest street in the area, Goswell Road, exhibits the highest concentrations. Conversely, the spaces between the courtyards, which are primarily pedestrian areas, show low concentrations, except for the driveway area in Courtyard 2, where parked cars contribute to increased NO2 levels. By comparing the ENVI-met simulation representing the real and no-vegetation scenarios, a strong correlation between NO2 concentration and the presence of vegetation becomes apparent. This is particularly evident along Fann Street and Goswell Road, where the canopies of trees, by reducing wind flow velocity, trap pollutants and lead to increased NO2 concentrations.




4.5. PM2.5 and PM10 Concentration (μg/m3)


The images display the concentration of PM2.5 and PM10 (μg/m3) in the outdoor spaces of Golden Lane Estate (Figure 8 and Figure 9). PM, or particulate matter, refers to a mixture of solid and liquid materials with varying sizes, ranging from a few nanometres to around 100 micrometres. Primary particles are directly emitted from specific sources, while secondary particles are formed through chemical reactions in the atmosphere. The main sources of primary particles include emissions from road transport during the combustion of solid and liquid fuels; road dust; and the burning of fuels for industrial, commercial, and domestic purposes [79]. Long-term exposure to particulate matter can lead to respiratory and cardiovascular illnesses and can even cause death, particularly among individuals with pre-existing lung or heart conditions [82].



Analysing the images, it can be observed that the concentrations of particulate matter are higher along the perimeter of the Estate. Similar to NO2, this phenomenon can be attributed to the presence of cars, which act as the main source of pollutants in this area. The following section will discuss how the urban form and vegetation influence the local microclimate and impact air quality at a hyperlocal scale.





5. Discussion


One of the expected findings from the analysis is that the values measured during the fieldwork, such as air temperature (°C), relative humidity (%), wind velocity (m/s), and pollutant concentrations of PM10, PM2.5, and NO2 (μg/m3), differ from the data obtained from meteorological and air monitoring stations (Table 7).



These differences were anticipated, as the background concentration data for pollutants and meteorological data used in ENVI-met were extracted from meteorological and air monitoring stations located 3.8 and 1.7 km away from the study site, respectively. To enhance the accuracy and resolution of the computational fluid dynamics (CFD) model, the simulation was run for a total of 12 h. As the on-site spot measurements were conducted for only a few hours, with each measurement being instantaneous or lasting up to three minutes, the missing data for the entire 12 h ENVI-met simulation period were collected from the nearest air monitoring and meteorological stations to the site. Additionally, several simplifications and assumptions had to be made while modelling the site in ENVI-met. Another factor contributing to the variation in results could be the use of portable instruments for this study. Portable instruments may indicate slight differences (higher or lower) in their measurements compared to fixed monitoring stations. Furthermore, the impact of urban form on the microclimate of a specific urban location at a hyperlocal scale is distinctively unique and can vary from one location to another.



It is important to note that, except for air temperature, the on-site measurements consistently showed lower values compared to those calculated in ENVI-met. The spot measurements recorded values fluctuating between 14 °C and 16 °C, while the ENVI-met simulations generally indicated lower values ranging from 10.5 °C to 12.5 °C. One possible explanation for this difference could be the data extracted from St. James Park weather station, which was used as the source of meteorological data for the computational simulation. St. James Park is located in a highly vegetated area (Figure 10), and previous studies have demonstrated that areas close to parks and green infrastructure tend to be cooler compared to areas with low albedo materials and impervious surfaces [45,83,84]. The presence of a large volume of vegetation and trees can lower air and surface temperatures by providing shade and through evapotranspiration. In the case of St. James Park’s weather station, the decrease in temperature is primarily due to evapotranspiration rather than the shade provided by trees. Another important factor to consider is the location of the weather monitoring site in an open space with no surrounding obstacles. This encourages a larger volume of air exchange and, consequently, higher wind velocity/flow, leading to further cooling of the surrounding area. This scenario is quite different from Golden Lane, where 87% of the area consists of impervious surfaces, and only 13% comprises greenery.



However, one of the most relevant aspects of this comparative study is the broad correspondence between the pattern of measured and simulated data, particularly in relation to pollution concentration zones. This provides a possible starting point for further evaluating the impact of urban form and vegetation on air pollution dispersion. Another significant finding is the dependent correlation between the arrangement of buildings in Golden Lane Estate and the distribution of air pollution. The Estate is composed of residential blocks positioned perpendicularly to each other, and this layout appears to protect the inner courtyards from the infiltration of pollutant particles, which are predominantly concentrated along the streets surrounding the Estate. This phenomenon is particularly noticeable on Goswell Road and Baltic Street, where the continuous urban front of the buildings acts as an effective barrier in preventing pollutants from entering the Estate. A closer examination of the results reveals that the urban form, including solid and porous barriers and building arrangements, has an impact on temperature fluctuations, wind speeds, and wind directions, thereby influencing the air quality within street canyons of varying aspect ratios (H/W). According to Hussain, Lee, and Oke [85,86], the flow pattern in the street canopy layer is influenced by the wind direction at the roof height (urban canopy layer) and the aspect ratio (H/W) of the canyon. Consequently, perpendicular wind directions approaching the canyons can be described by three distinct flow regimes based on variations in the height and width of the street canyons: (i) isolated roughness flow, (ii) wake interference flow, and (iii) skimming flow (Table 8).



The observed wind direction during the field measurements was from the southwest (SW) direction. Due to the surrounding blocks of buildings in Golden Lane, this has created a mixed microclimate with varying degrees of heat and pollution retention or flushing within the courtyards. This is closely related to the wind direction and its velocity. For instance, Courtyard 1, characterised by an uneven canyon of buildings with an overall aspect ratio of 0.58 (in the weak interference flow regime), has a leeward aspect ratio of 0.2 and a windward height-to-width ratio of 0.8. This configuration has resulted in a downdraft effect [87] on the windward facades of the tall building on the eastern side of the courtyard. Additionally, the southwest wind direction has induced positive pressure on the two sides of the slab-like tall building (Figure 11), leading to parallel airflow around the building [88]. The ENVI-met simulation also supports these observations, demonstrating a significant improvement in air exchange and ventilation at the pedestrian level. Consequently, the levels of air pollution, specifically, NO2 and PMs, have decreased compared to the other courtyards.



Perhaps the most intriguing finding can be observed in Courtyard 3. This courtyard consists of two buildings of equal height on its south and north sides, with an aspect ratio of 0.6, enclosed by two lower-height buildings of unequal heights on the west and east sides. The urban canyons on the west and east sides have a leeward aspect ratio of 0.07 and a windward aspect ratio of 0.18 (Figure 12). Consequently, winds coming from the favourable westerly direction can effectively flush out stagnant pollution from Courtyard 3. The ENVI-met simulation results also demonstrate a reduction in air pollution levels within the courtyard.



Furthermore, the location and height of the building on the west side of Courtyard 4 (tennis court) play a crucial role in providing cleaner air for Courtyard 3. This building, with its appropriate height and length, effectively blocks incoming pollution from Goswell Road. However, Courtyard 4 exhibits higher pollution levels compared to Courtyard 3. One possible explanation for this is that the pollution dispersed by the downdraft created by the Great Arthur House seems to be funnelled through the nearby narrow pedestrian passage, resulting in a pocket of polluted air in normally occupied areas (Courtyard 4, tennis court) (Figure 13). The aspect ratio of the leeward and windward sides of Courtyard 4 also contributes to the concentration of pollution at a hyperlocal scale (Figure 14).



As mentioned earlier, this study was conducted during the autumn period. While the results are promising, further research should be carried out during the summer period, when the scenarios mentioned above may be exacerbated due to an increase in vegetation Leaf Area Density (LAD). Additionally, more attention should be given to the shape and size of vegetation and their impact on pollution concentration and dispersion. For instance, planting trees with a high Leaf Area Density (LAD) and heart-shaped or spherical crown shapes, with low clear stem height and minimal spacing between them, could potentially reduce air velocity at the pedestrian level and increase the concentration of pollutants [89]. Furthermore, as mentioned earlier, a discrepancy was observed between the values collected during on-site spot measurements and those obtained from ENVI-met simulations during the analysis of the results. To address this, future improvements to the methodology could involve the use of data logger instruments that can detect and record microclimatic variables and pollutant concentrations over a 24 h period, as required by ENVI-met. Despite the relatively limited data, this study provides valuable insights into the impact of porous (vegetation) and solid barriers on increasing or dispersing pollution levels in active urban areas. It is important to clarify that the removal of vegetation in the second simulated scenario should not be considered as a potential project proposal. Greenery, as mentioned in the introduction, offers a range of benefits, from economic to ecological and environmental. The simulation of the scenario without vegetation was solely conducted to better understand how the presence of vegetation affects pollutant concentrations in the built environment.




6. Conclusions


Based on the results of the fieldwork and ENVI-met simulations conducted for both the current and no-vegetation scenarios, it is evident that the presence of vegetation and the aspect ratio of street canyons within courtyards can influence air pollution levels at a hyperlocal scale. A comparison between the current scenario and the no-vegetation scenario simulated using ENVI-met software v.4.4 revealed that vegetation and building arrangements have a significant impact on wind speed and direction, thereby affecting air pollution levels inside street canyons with different aspect ratios (H/W).



One notable finding from this study was the downdraught effect of tall buildings, which helped reduce and disperse pollution levels, leading to a considerable improvement in air exchange and ventilation at the pedestrian level. This resulted in a significant drop in air pollution levels. However, in the case of Golden Lane Estate, the dispersed pollution, influenced by the downdraught created by the tower, seemed to be funnelled through nearby narrow pedestrian passages, creating pockets of polluted air in typically occupied spaces, such as the tennis court, and increasing public exposure to polluted air.



These findings suggest that when measuring and modelling air pollution concentration, greater attention should be given to urban physical features at a hyperlocal scale, particularly in active urban areas with higher population density. Understanding the relationship between urban form and air pollution concentration in these areas is crucial. For the purpose of obtaining a general understanding of pollutant dispersion in a given area, scenario modelling and simulation of case study sites can be an effective method to aid decision making and extract more insights from design precedents.



ENVI-met is a leading simulation tool of urban microclimates, and it is commonly used by designers and planners to support decision making. It can be used to compare different options for green spaces and building layouts by performing detailed analysis of microclimatic conditions within urban areas, both in terms of building heating or cooling and human thermal comfort. Despite its extensive use over the past decade, some studies have underlined some limitations and needed simplifications [90,91,92,93] in the use of ENVI-met software v.4.4.



Furthermore, it is important to note that Outdoor Microclimate Maps (OMMs) offer a more accessible and understandable way to visualise output data of this nature. OMMs can serve as a tool for communicating a project’s potential and enhancing the general understanding of the analysed phenomena among stakeholders, local administrations, and citizens.



In conclusion, this case study analysis serves as a foundation for future research on urban air pollution concentration at a hyperlocal scale across various urban settings and as a useful illustration for architects and designers of the complexity of interaction between built form and vegetation placement.
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Figure 1. (left) Case study: Golden Lane Estate satellite view, (right) Golden Lane Estate plan overview. 
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Figure 2. Ten selected measurement spots on the map, each marked with a circled number. 
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Figure 3. Basic architecture of ENVI-met v.4.4 software model layout and the extent of nesting area. 
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Figure 4. Air Temperature (°C): (left) Fieldwork measurement, (centre) ENVI-met current scenario simulation, (right) ENVI-met no-vegetation scenario simulation. 
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Figure 5. Relative Humidity (%): (left) Fieldwork measurement, (centre) ENVI-met current scenario simulation, (right) ENVI-met no-vegetation scenario simulation. 
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Figure 6. Wind Velocity (m/s): (left) Fieldwork measurement, (centre) ENVI-met current scenario simulation, (right) ENVI-met no-vegetation scenario simulation. 
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Figure 7. NO2 concentration (μg/m3): (left) Fieldwork measurement, (centre) ENVI-met current scenario simulation, (right) ENVI-met no-vegetation scenario simulation. 
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Figure 8. PM2.5 concentration: (left) Fieldwork measurement, (centre) ENVI-met current scenario simulation, (right) ENVI-met no-vegetation scenario simulation. 
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Figure 9. PM10 concentration: (left) Fieldwork measurement, (centre) ENVI-met current scenario simulation, (right) ENVI-met no-vegetation scenario simulation. 
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Figure 10. Meteorological station, London St. James Park. 
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Figure 11. Courtyard 1 Golden Lane—2D flows with unequal building heights (asymmetric street canyon). 
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Figure 12. Courtyard 3 Golden Lane—2D flows with unequal building heights (asymmetric street canyon) on the west and east side and two buildings of equal height (symmetric street canyon) on its south and north sides. 
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Figure 13. Courtyards 3 and 4 Golden Lane—Pollution, which has been dispersed by the downdraught created by the Great Arthur House, appears to be channelled through the nearby narrow pedestrian passage, creating a pocket of polluted air in usually occupied spaces (Courtyard 4, tennis court). 
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[image: Sustainability 16 00696 g013]







[image: Sustainability 16 00696 g014] 





Figure 14. Courtyard 4 Golden Lane—2D flows with unequal building heights, which has induced the concentration of pollution. 
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Table 1. Vegetation characteristics and location in Golden Lane Estate.






Table 1. Vegetation characteristics and location in Golden Lane Estate.





	
Location and Vegetation Image Number

	
Vegetation Scientific Name

	
Vegetation Common Name

	
Vegetation Height (Top of Vegetation from Ground) (m)

	
LAD

(High/Low)

	
Typology

(Evergreen/Deciduous)

	
Trunk Size (Small/Medium/Large)

	
Crown Shape (Cylindrical/Heart-Shape/Spherical

	
Clear Stem Height (m)






	
A

	
Carpinus

	
Hornbeam

	
5–7

	
High

	
Deciduous

	
Medium

	
Broadly Oval (Heart-Shaped)

	
2–3




	
B

	
Catalpa bignonioides

	
Indian-bean-tree

	
9

	
Low

	
Deciduous

	
Medium

	
Broadly Round (Spherical)

	
4–5




	
C

	
Pyrus

	
Pear

	
4–5

	
High

	
Deciduous

	
Medium

	
Irregular (Heart-Shaped)

	
1–2




	
D

	
Prunus avium

	
Cherry Tree

	
8–10

	
Low

	
Deciduous

	
Medium

	
Irregular (Heart-Shaped)

	
2.5




	
E

	
Acer saccharinum

	
Silver Maple

	
10

	
High

	
Deciduous

	
Large

	
Broadly Oval (Heart-Shaped)

	
2




	
F

	
Betula pendula

	
Silver birch

	
11

	
Low

	
Deciduous

	
Medium

	
Irregular (Heart-Shaped)

	
1




	
G

	
Fagus

	
Beech Tree

	
12

	
High

	
Evergreen

	
Large

	
Broadly Oval (Heart-Shaped)

	
0.5




	
H

	
Crataegus persimilis

	
Broad-leaved cockspur thorn

	
3

	
Low

	
Deciduous

	
Small

	
Irregular (Heart-Shaped)

	
1.5




	
I

	
Cherry Laurel

	
Prunus laurocerasus

	
3–4

	
High

	
Evergreen

	
N/A

	
Hedge

	
0




	
L

	
Ficus carica

	
Fig

	
5

	
High

	
Deciduous

	
Medium

	
Broadly Round (Spherical)

	
1.5




	
M

	
Cedrus deodara

	
Deodar

	
12

	
Low

	
Evergreen

	
Medium

	
Irregular (Pyramidal)

	
2




	
N

	
Malus domestica

	
Apple

	
6

	
High

	
Deciduous

	
Small

	
Broadly Oval (Heart-Shaped)

	
1




	
O

	
Laurus

	
Bay

	
2

	
High

	
Evergreen

	
N/A

	
Hedge

	
0




	
P

	
Pittosporum tenuifolium

	
Kohuhu

	
2.5

	
High

	
Evergreen

	
N/A

	
Hedge

	
0




	
Q

	
Cercis siliquastrum

	
Judas-tree

	
5

	
Low

	
Deciduous

	
Medium

	
Broadly Round (Spherical)

	
2




	
R

	
Platanus

	
Plane

	
22

	
Low

	
Deciduous

	
Large

	
Broadly Oval (Heart-Shaped)

	
3
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A—Hornbeam

	
I—Prunus laurocerasus




	
B—Indian-bean-tree

	
L—Fig




	
C—Pear

	
M—Deodar




	
D—Cherry Tree

	
N—Apple




	
E—Silver Maple

	
O—Bay




	
F—Silver birch

	
P—Kohuhu




	
G—Beech Tree

	
Q—Judas-tree




	
H—Broad-leaved cockspur thorn

	
R—Plane











 





Table 2. Aeroqual Series 300—Type and manufacturer.
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System Specifications






	
Measurement units

	
Gas: ppm or mg/m3|Humidity: %|Temperature: °C or °F




	
Reading functions

	
Instant, minimum, maximum, average




	
Sensor head

	
Active fan sampling accuracy measurements, interchangeable




	
Sensor head calibration

	
Zero and span calibration




	
Temperature and humidity sensor

	
Range −40 °C to 124 °C (−40 °F to 255 °F); Range 0 to 100% RH




	
Environmental operating conditions

	
Temperature: −5 °C to 45 °C|Humidity: 0 to 95% non-condensing




	
Display status indicators

	
Battery, sensor, standby




	
Enclosure material and rating

	
PC and ABS; IP20 and NEMA 1 equivalent




	
Size

	
(L × W × D) 195 × 122 × 54 (mm)




	
Weight

	
<460 g (with sensor head and battery)




	
Approvals

	
Part 15 of FCC Rules











 





Table 3. Australian Scientific LM-8000A—Type and manufacturer.






Table 3. Australian Scientific LM-8000A—Type and manufacturer.





	
System Specifications






	
Measurement

	
Anemometer, Humidity, Temperature, Light




	
Air velocity

	
Range: 0.4 to 30.0 m/s|Resolution: 0.1 m/s




	
Humidity

	
Range: 10 to 95% RH|Resolution: 0.1% RH




	
Temperature

	
Range: 0 to 50 °C|Resolution: 0.1 °C




	
Light

	
Range: 0 to 20,000 Lux|Resolution: 1 Lux




	
Weight

	
160 g (battery included)




	
Dimension

	
HWD 156 × 60 × 33 mm











 





Table 4. Measurements were taken in Golden Lane Estate on 25 October 2018.
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	SPOT
	TIME

(h)
	T

(°C)
	RH

(%)
	WS

MIN–MAX (m/s)
	WS

AVER.

(m/s)
	PM2.5

(μg/m3)
	PM10

(μg/m3)
	NO2

(μg/m3)





	Spot 1
	13:54
	17.6
	52.3
	0.0–0.5
	0.3
	8
	10
	18



	Spot 2
	14:02
	15.9
	57.2
	0.8–1.3
	1.1
	8
	9
	12



	Spot 3
	14:06
	15.0
	59.2
	0.7–1.8
	1.3
	8
	9
	19



	Spot 4
	14:21
	14.2
	62.3
	1.8–2.1
	2.0
	8
	9
	23



	Spot 5
	14:24
	14.9
	60.0
	0.0–0.5
	0.3
	7
	8
	13



	Spot 6
	14:32
	14.7
	60.7
	0.7–1.0
	0.9
	6
	7
	15



	Spot 7
	14:36
	14.0
	63.2
	1.5–2.0
	1.8
	7
	8
	13



	Spot 8
	14:50
	14.8
	60.7
	0.4–0.8
	0.6
	9
	10
	16



	Spot 9
	14:58
	14.5
	62.1
	0.4–0.8
	0.6
	8
	10
	14



	Spot 10
	15:17
	14.7
	61.6
	0.9–1.3
	1.1
	7
	8
	12










 





Table 5. Golden Lane Estate input file.






Table 5. Golden Lane Estate input file.





	
SIMULATION AREA FILE (.inx)

	
CONFIGURATION FILE (.sim)






	
Localisation, lat. (deg,+N,−S):

long. (deg,−W,+E):

- Grid dimension (x, y, z):

- Grid cells size (dx; dy; dz):

- Nesting grids (Nr):

- Space configuration

. DEM configuration:



. buildings configuration:



. soil typology:



. vegetation typology

and configuration:

. sources of pollutants:



. geometry:



. height (m):

	
51.52

−0.09

130 × 130 × 60

2 m; 2 m; 1.5 m

5



Google Maps and survey on site

Google Maps and survey on site

Google Maps and survey on site

Google Maps and survey on site

Google Maps and survey on site

www.londonair.org.uk (accessed on 1 November 2018),

Google Maps and survey on site

0.5

	
- Start and duration of model run

. start date (DD.MM.YYYY):

. start time (hh:mm:ss):

. total simulation time (h):

- Initial meteorological conditions

. wind speed at 10 m height (m/s):

. wind direction (deg):

. initial temperature (°C)

. relative humidity in 2 m (%):

- Hourly meteorological conditions:





- Pollutants dispersion and reactions

. operation mode:



. chemistry.

	


25.10.2018

07:00:00

12



2.5

260

10.11

69

data by www.rp5.ru (accessed on 25 October 2018)

multi-pollutant

(NO, NO2, O3, PM10 and PM2.5)

active chemistry











 





Table 6. London meteorological conditions and pollutants concentrations. The considered stations are the nearest to the study area available on the reference websites.
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Meteorological Conditions on 25 October 2018, Weather Station London St. James’ Park and www.metoffice.gov.uk (accessed on 1 November 2018)

	
Pollutants Concentration on 25 October 2018, Station London Sir John Cass School (NO; NO2; PM10; PM2.5) and Bloomsbury (Ozone)




	
Hourly Time (UTC)

	
Air Temperature (°C)

	
Rel. Humidity (%)

	
Wind Velocity

(m/s)

	
Wind Direction

	
NO

(μg/m3)

	
NO2

(μg/m3)

	
Ozone

(μg/m3)

	
PM10

(μg/m3)

	
PM2.5

(μg/m3)






	
00:00:00

	
9.50

	
82

	
2

	
SW

	
3.70

	
25.40

	
31.90

	
23.00

	
9




	
01:00:00

	
7.50

	
90

	
2

	
W

	
3.20

	
27.80

	
28.10

	
19.40

	
6




	
02:00:00

	
7.00

	
95

	
2

	
WNW

	
3.80

	
34.40

	
25.90

	
24.40

	
3




	
03:00:00

	
6.70

	
96

	
2

	
W

	
4.00

	
34.00

	
22.00

	
22.00

	
5




	
04:00:00

	
6.60

	
95

	
1

	
WSW

	
9.80

	
46.50

	
16.40

	
22.20

	
9




	
05:00:00

	
6.10

	
97

	
1

	
WSW

	
24.90

	
50.4

	
3.80

	
22.40

	
11




	
06:00:00

	
5.90

	
97

	
1

	
W

	
49.30

	
54.80

	
1.20

	
26.80

	
13




	
07:00:00

	
6.60

	
97

	
2

	
W

	
42.60

	
57.70

	
1.60

	
28.20

	
13




	
08:00:00

	
7.30

	
95

	
2

	
W

	
35.50

	
57.10

	
6.00

	
38.20

	
10




	
09:00:00

	
9.00

	
87

	
3

	
NW

	
37.20

	
55.30

	
13.20

	
28.80

	
16




	
10:00:00

	
10.80

	
78

	
4

	
NNW

	
30.90

	
49.70

	
22.60

	
29.40

	
13




	
11:00:00

	
12.60

	
69

	
4

	
NW

	
19.50

	
42.20

	
30.30

	
23.40

	
9




	
12:00:00

	
14.10

	
66

	
3

	
NNW

	
12.10

	
34.20

	
26.70

	
22.40

	
17




	
13:00:00

	
14.60

	
65

	
4

	
W

	
14.30

	
42.40

	
36.50

	
18.80

	
9




	
14:00:00

	
13.50

	
67

	
3

	
W

	
17.10

	
47.10

	
28.90

	
19.00

	
8




	
15:00:00

	
13.30

	
70

	
3

	
NW

	
27.70

	
59.30

	
20.00

	
21.60

	
11




	
16:00:00

	
13.20

	
70

	
4

	
WNW

	
19.30

	
61.20

	
11.20

	
18.20

	
12




	
17:00:00

	
12.20

	
72

	
4

	
NW

	
8.70

	
43.10

	
17.60

	
17.20

	
8




	
18:00:00

	
11.90

	
71

	
3

	
NW

	
11.40

	
41.10

	
26.30

	
17.20

	
9




	
19:00:00

	
11.60

	
73

	
4

	
NW

	
7.50

	
35.80

	
24.30

	
16.80

	
9




	
20:00:00

	
10.90

	
77

	
3

	
NW

	
12.80

	
33.30

	
30.70

	
14.60

	
8




	
21:00:00

	
10.60

	
78

	
3

	
WNW

	
6.30

	
27.70

	
26.50

	
8.60

	
7




	
22:00:00

	
10.50

	
78

	
3

	
WNW

	
6.30

	
27.30

	
37.70

	
9.40

	
6




	
23:00:00

	
10.60

	
73

	
3

	
W

	
7.60

	
28.70

	
35.50

	
8.20

	
7











 





Table 7. Data comparison on 25 October 2018 (h 15:00). Spot measurements in Golden Lane Estate (mean values) vs. data measured by meteorological station from London St. James’ Park and pollutants station from London Sir John Cass School.






Table 7. Data comparison on 25 October 2018 (h 15:00). Spot measurements in Golden Lane Estate (mean values) vs. data measured by meteorological station from London St. James’ Park and pollutants station from London Sir John Cass School.





	Type of Measurement
	T

(°C)
	RH

(%)
	WS aver.

(m/s)
	PM2.5

(μg/m3)
	PM10

(μg/m3)
	NO2

(μg/m3)





	On-site spot measurements
	15.0
	59.9
	1.0
	8
	10
	16



	Meteorological stations
	13.3
	70.0
	4.0
	11
	22
	59










 





Table 8. Flow regimes type and characteristics in equal building heights canyons.






Table 8. Flow regimes type and characteristics in equal building heights canyons.





	Flow Regime
	Height-to-Width Ratio (H/W)
	Characteristics





	(i) Isolated roughness flow
	H/W < 0.5
	The flow fields surrounding the buildings on either side of the street do not interact. Two co-rotative vortices can be formed.



	(ii) Wake interference flow
	0.5 < H/W < 0.65
	The flow around the upstream buildings starts to interfere with flow around downstream buildings. One main vortex can be formed.



	(iii) Skimming flow
	H/W > 0.65
	The air above buildings hardly can interfere with the flow around downstream buildings inside the canyon. Circulatory or contra-rotative vortices can be formed.
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