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1. Summary 
The future of sustainable cities is to become denser and more compact through 

modifications of existing infrastructures and a more efficient land use. This trend has been 

predicted also for Swedish cities. One of the negative direct repercussion of this 

development is the worsening of air quality due to higher concentration of emissions and to 

ventilation reduction at street level.  

NOX dispersion simulations, using The Microscale Climate and Dispersion Model (MISKAM), 

have been performed on several hypothetical scenarios reproducing denser and greener 

urban environments. The aim was to increase the knowledge about effects on air quality 

expected from different intervention on vegetation and buildings configuration and 

placement. A virtual three-dimensional hypothetical area, composed of a few districts or 

blocks, has been created, and then modified with interventions to simulate the different 

effects on air quality.  

Buildings, vegetation and barriers have been observed to generate great impacts on urban 

air quality. A series of recommendations based on the results are proposed to urban 

planners. Although the model applied does not include deposition onto vegetation in the 

calculations, the obtained results warn for a cautious use of avenue of large trees in street 

canyons. Lower hedges and bushes seemed to not have negative impact on the wind flow 

patterns and dispersion and hence they are suggested as better alternative to street trees.  A 

case by case study, considering the relations between the dominant wind directions related 

to constructions placement, should be performed when planning urban development. 

Generally, high-rise constructions were the building configuration gave the best results in 

terms of air quality improvement. Solid barrier placed next to open areas functioned as 

protection from pollutant dispersion more efficiently than porous barriers. Considering that 

pollution gets transported and diluted and not simply eliminated, it is important to avoid 

hindering the main wind flow with large buildings or creating narrow and greened street 

canyons.  

 

  



5 
 

2. Introduction 
In densely built urban areas, air quality is a major concern due to the high emissions and 

exposure of air pollutants (Johansson, Burman, & Forsberg, 2009; Tiwary et al., 2009). It is 

predicted that in 2050 more than 70% of the world’s population will be settled in cities 

(Fallah Shorshani, André, Bonhomme, & Seigneur, 2015). More compact urban settings are 

one possible solution for reducing emissions by lowering the need for transport and 

increasing the energy efficiency. However, densification could also produce enhanced 

human activity which could increase emissions. A more compact urban environment 

decreases the possibilities for air mixing and ventilation and hence lowers air pollutants 

dispersion. 

The future of sustainable cities is to become denser and more compact through 

modifications of existing infrastructures and a more efficient land use. This has been 

observed also for Swedish cities. One of the negative direct repercussion of this trend is the 

worsening of air quality due to higher emissions and to ventilation reduction at street level. 

Urban morphology, vegetation interaction, density and placement, together with emission 

of pollutants are the aspects of urban densification that need to be taken in consideration 

when trying to reduce negative impact on human health and on the environment. Collecting 

more information about these different factors allows a more accurate urban planning and 

provides greater possibility to limit or decrease undesired effects on human health. 

  

Generally, Swedish urban air quality has been improving in the last decades and this is a 

consequence of emission reduction. Many cities are however still experiencing air pollution 

levels above national environmental quality standards (Miljökvalitetsnormer, MKN) for 

nitrogen dioxide (NO2) and particulate matter (PM10) (Naturvårdsverket, 2019). Previsions 

show that the situation will not change easily in the future. Considering that these kinds of 

forecasts normally do not include urban densification, the consequences might even be 

underestimated. To avoid the negative impacts on air quality of an uncontrolled urban 

densification, virtual simulation of different scenario can be used as a helpful investigative 

tool. Modell analysis can show how different building and vegetation shapes affect dilution 

and transport of polluted air. By changing variables such as buildings height and shape, wind 

direction, vegetation features, placing and sizes, it is possible to predict wind flow patterns 

and hence pollutant dispersion and concentration.   
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It is widely consolidated that urban greening is a planning strategy that provides several 

benefits in the city environment (Säumel, Weber, & Kowarik, 2016). Beside interfering 

beneficially with the urban micro-climate and increasing biodiversity, urban vegetation can 

provide improvements of air quality through deposition, turbulence enhancing but also by 

containing dispersion (Roy, Byrne, & Pickering, 2012). On the other hand, misplacement of 

trees or green infrastructures can limit or hinder ventilation and hence pollution removal. 

Improperly planned compact green cities can experience therefore a worsening of air 

quality.  

It has been chosen to run the model focusing only on the simulation of nitrogen oxides (NOX) 

due to their relevance in urban air quality in Swedish cities and. The computational fluid 

dynamic model used (MISKAM) does not include atmospheric chemical reactions in the 

calculations. The decision of performing calculation using NOX concentrations has been made 

in order to avoid errors possibly arising when choosing NO or NO2. NOX is the generic term 

for the most relevant air pollution nitrogen oxides, namely nitric oxide (NO) and nitrogen 

dioxide (NO2). Emissions take place during combustions and consist mainly of nitric oxide 

which successively gets oxidized to NO2. Road traffic, ships, working machine and factories 

are the main responsible for the emissions, especially when diesel is the fuel use. NO2 

concentrations are highest in large and dense cities due to road traffic and can rise during 

atmospheric thermal inversion conditions (VMC, 2018). Nitrogen oxides are often used as 

indicators for the complex mixture of different compounds (gas and particles) in 

epidemiological studies (VMC, 2018).  
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3. Aim  
This master thesis is partially a contribution to a study commissioned by Naturvårdsverket 

and coordinated by IVL’s researcher Jenny Lindén. The aim of IVL’s project is to address the 

need for further knowledge about how urban morphology, vegetation interaction, its density 

and placement affect traffic related emissions and hence urban air quality. 

The Microscale Climate and Dispersion Model (MISKAM) is used to increase the knowledge 

of which effects on air quality can be expected from different interventions. A virtual three-

dimensional hypothetical area, composed of a few districts or blocks, is created to simulate 

the different effects on air quality.  

It has been shown that different green infrastructures are diversely suitable to different 

urban morphologies, in terms of air pollutant control. Street canyons, open roads and open 

surfaces are affected differently by urban forests, green walls, green roofs, street trees or 

green barrier/hedges.  

The main focus of this work is to create virtual urban scenarios in order to study micro-scale 

impacts of different building configurations, different green infrastructure alternatives and 

barriers typologies, on the dispersion of traffic emitted pollutants.  

The aim of the model simulations is to investigate the effects on air quality from the 

following factors: 

• Different shaping, height, placing of the constructions. How can mixing and diffusion 

of emissions be enhanced with an optimization of the design of the buildings?  

• Different placing and type of vegetation. How does vegetation affect air flow and 

hence pollutant dispersion and dilution? 

• Noise barriers effects on air quality. Which impacts does a solution such as a noise 

barrier have on air quality?  

The results of this work are intended as guiding indications for urban planners about how 

street environments could be optimized to obtain the most positive effect on air quality 

while at the same time allow desirable city development.   
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4. Background 
It has often been brought to the attention, by several works, that urban planning, together 

with design and choice of urban greening, are crucial steps when projecting a more 

sustainable and livable city.   

It is impossible to derive effects on pollution dispersion entirely and uniquely from a single 

factor, rather it depends on the combination of several aspects. The following section (4.1-

4.3) is an attempt to collect and categorize the present knowledge about the different 

components that influence urban air quality and traffic induced emission dispersion.   

4.1 Urban morphology and air quality 

Buildings and air quality 

The shape and the position of buildings, as other type of constructions, alter the wind 

patterns and hence the air flow in the urban environment. Generally, constructions and 

buildings in built-up areas decrease the wind speed and increase turbulence. The altered 

airflow has influences on the dispersion and mixing of air pollution. There is a risk that the 

combination of a greener and more compact urban environment, with increasing population 

and traffic emissions, together with a decrease of ventilation, could result in a strong air 

quality deterioration.  

Urban morphology is highly variable and determined by several components. Geographical 

characters, topography, the city age and its development play important roles. Younger 

cities are often characterized by groups of high-rise buildings and wider streets, whilst earlier 

cities are often densely built and have very narrow streets with lower buildings (P. Kastner-

Klein, R. Berkowicz, & R. Britter, 2004). Several studies have already focused on quantifying 

the effects of buildings compactness, height and shaping on ventilation by using model 

simulations and wind tunnel experiments (e.g. Balczó, Gromke, and Ruck (2009) and 

Buccolieri, Gromke, Di Sabatino, and Ruck (2009)) 

Situations with long buildings flanking relatively narrow streets, also known as street canyon 

configurations, are often linked to lower ventilation and elevated air pollution levels and 

have been the interest of several studies for at least two decades (P. Kastner-Klein et al., 

2004). Commonly, modelling studies used idealized building configurations in which 



9 
 

constructions have rather simple rectangular shapes and flat roofs and are often placed in a 

regular way (P. Kastner-Klein et al., 2004).  

These studies have shown the negative effects on pollution dispersion of a more compact 

buildings structure. It has been discovered that uniformity in urban planning, such as 

homogeneous building heights or canyon aspect ratios, should be avoided. It resulted that 

non-uniformly constructed roofs and different building heights contribute to a better 

ventilation (A. T. Chan, E. S. P. So, & S. C. Samad, 2001). The risk can nevertheless be 

minimized by considering the main wind directions when optimizing the shape, the structure 

and the placing of constructions (Amorim et al., 2013; A. T. Chan, E. S. So, & S. C. Samad, 

2001; P Kastner-Klein, R Berkowicz, & R Britter, 2004; Moonen, Dorer, & Carmeliet, 2011; 

Yuan, Ng, & Norford, 2014).  

When analyzing and predicting the local air quality of a city (e.g. in a certain neighborhood or 

street), the building configuration of the studied area must be described in the model with 

high resolution (P. Kastner-Klein et al., 2004). Alternatively, or when such detailed studies 

are not affordable, it is possible to define typical urban structures using their basic physical 

features (such as the H/W ratio or the ratio between the built-up area and the total area). It 

has been proved that wider canyons enhance better pollutant diffusion (Andy T. Chan et al., 

2001). For this reason, restrictions in canyon geometry are often advocated in order to avoid 

the skimming flow (Figure 1).  

 

Street canyons 

Street canyons (or urban canyon) are very common and frequently studied subsystems of 

the urban environment. They are composed of a street and its surrounding buildings. 

Although they are more often found in central and densely built areas of cities, they are 

common structures in the urban environment in general. They are usually described by the 

dimensionless ratio H/W, in which H is the height of the building along the street and W is 

the width of the street. The H/W ratio is an important feature that determines several 

properties in the urban environment such as sunlight access and shading, wind alteration, 

thermal comfort, sky view factor and vehicles emissions dispersion (Christen et al., 2017c).  
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Typically, dense urban areas consist of street canyons where pollutant concentrations can 

become several times higher than in open areas (Christen et al., 2017c). This is a 

consequence of the reduced exchange of air and the limited dispersion of pollutants inside 

the built-up area. Micro-meteorology and wind patterns are mainly regulated by urban 

geometry.  

Street canyons are classified as symmetric when the buildings on both sides have 

approximately the similar height; alternatively, they are asymmetric. According to the aspect 

ratio, height of the buildings by the width of the street (H/W), canyons are regular when 

H/W ∼1, deep if H/W ∼2 or avenue with H/W ≤ 0.5 (Vardoulakis, Fisher, Pericleous, & 

Gonzalez-Flesca, 2003) 

In air pollution studies, urban canyons are 

conventionally represented with a perpendicular crossing wind which creates an internal 

vortex flowing on the opposite direction. The internal vortex can be affected by the present 

vegetation and by the buildings’ aspect. Figure 1 shows the possible effect of different 

aspect ratios on the wind flow between buildings.  

It is possible to distinguish three main different dispersion conditions, depending on the 

above roof-top wind speed (synoptic wind): low wind conditions, perpendicular flow and 

parallel flow.  

Low wind condition takes place when above roof wind velocity is lower 1.5 m/s. A 

perpendicular or near-perpendicular flow is found when above roof-top wind speed is over 

1.5 m/s and the wind is blowing at an angle of more than 30° to the canyon axes. Parallel 

Figure 1. Effect of increasing H/W ratio on wind flow. Taken 
from (Christen, Mills, Voogt, & Oke, 2017b)  

Figure 2. Typical layering of the atmosphere over a city. 
The height scale is logarithmic, except near the surface. 
Taken from (Christen, Mills, Voogt, & Oke, 2017c) 
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flow takes place when winds coming from the other directions with a speed higher than 1.5 

m/s flow parallel or near-parallel with the street (Vardoulakis et al., 2003).  

In case of a flow perpendicular to the canyon and a wind speed higher than 1.5m/s, three 

types of wind flow patterns can be observed: isolated roughness flow, wake interference 

flow and skimming flow (Figure 1).  An isolated roughness flow is created when canyons are 

wide enough to allow buildings to act as single roughness elements. In this configuration 

there is enough space for downwind movements before encountering the next building (a). 

With increasing H/W ratios, buildings are closely placed and there is not enough space for 

the air flow to rear impacting against the windward side of the next building, producing a 

wake interference flow (b). For the regular canyons (H/W = 1) the entire synoptic flow skims 

over the canyon generating the skimming flow, which consists of a single vortex inside the 

canyon (c) (Hunter, Johnson, & Watson, 1992).  

In case of a wind direction parallel to the street canyon and a wind speed higher than 

1.5m/s, the flow is conducted along the canyon. Other wind directions are often considered 

as results of combination of these last two (Christen et al., 2017b). Vegetation effects on 

dispersion are usually studied in these two cases (Janhäll, 2015).  

Another important parameter is the maximum relative canyon length ratio L/H, which 

according to Andy T. Chan et al. (2001) reaches its most beneficial effect when set to 5 

promoting flow transition from wake interface to skimming flow.  

Andy T. Chan et al. (2001) have also discovered that, regardless the position of the source of 

emissions, pollutant concentrations tend to be higher at the base of the downwind wall. This 

suggests that, placing heavily polluting activities in this side of the canyon, could be a 

preferable choice if the intent is limiting dispersion. 

Since the buildings and the constructions composing the urban surface have extremely 

diverse dimensions, shapes and positions, a deep roughness sublayer (RSL) (Figure 2) is 

generated by the mechanical turbulences, reaching up to 2-3 times the average height of the 

surrounding buildings (Christen, Mills, Voogt, & Oke, 2017a). Wind mean flow and 

turbulence in this layer are mainly controlled by the heights and the distances of the 

constructions generating the roughness and the pattern of the structure of the street 

network (Christen et al., 2017b).  
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Highest concentration of air pollutant are usually found in heavily trafficked street canyons 

with an aspect ratio (H/W) around 1 (H=W) (Christen et al., 2017b). This is due to the limited 

mixing of the canyon air (loaded traffic emission) and the above atmosphere (Christen et al., 

2017b). 

The relative position of a canyon to the crossing wind speed and direction determine the 

variation of air pollutant concentration. Figure 3 shows the main wind patterns generated by 

different wind direction crossing a canyon. A cross-canyon vortex is the mean flow pattern 

creating when approaching wind is perpendicular to the street axis. Wind bouncing on the 

upwind building gets deflected and reinforced against the downwind building surfaces 

(Figure 3a). The shape of the roofs can play an important role here in inhibiting the 

formation of a cross-canyon vortex by decreasing the in-canyon wind speed and hence the 

air exchange between the urban canopy layer and the above atmosphere (Christen et al., 

2017b).  

When H/W is very large and the mean wind direction is perpendicular to the street canyon, 

multiple stacked vortices rotating above and counter to each other are generated with 

decreasing wind speed closer to the ground (Figure 3b) (Christen et al., 2017b). Other 

smaller vortices can appear in the canyon corners creating a recirculation and stagnation of 

polluted air, and hence hindering dispersion.  

Helical vortices are created when 

the average wind crosses the 

street canyon with an inclination 

of about 45°. This wind pattern, 

resulting from the vectorial sum 

of the cross-canyon vortex and 

the channeling flow, follows a 

helical path rolling along the 

canyon (Figure 3c). Finally, with a 

mean direction below 30° the 

wind follows a channeling pattern 

as shown in Figure 3d (Christen et 

al., 2017b).  

Figure 3. Typical flow patterns in urban canyons: (a) cross-canyon vortex, 
(b) multiple stacked vortices in deep canyons, (c) helical flow along a 
canyon, and (d) channeling along a canyon. Taken from (Christen et al., 
2017b). 
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The typical flow patterns described generally affect wind flow and turbulence on a long-term 

time scale. Other variables, such as building dimensions, roof shapes, trees, thermally induce 

effects and mechanical turbulence generated by vehicles, can also influence the air 

movements and hence dispersion on short-term and their effects get incorporated and 

mixed in the resulting patterns (Christen et al., 2017b).  

If the wind speed is too low, traffic produced turbulence can become the main driver of the 

dispersion of the emitted pollutants in the canyon (Christen et al., 2017b).  
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4.2 Vegetation effects on urban air pollution 

There are several ways in which vegetation can interact with the urban surrounding and 

alter air quality. Janhäll (2015), reviewing and assessing the current knowledge about air 

pollution and urban vegetation, concluded that vegetation density affects air quality mainly 

both through deposition and dispersion. Leaf area index (LAI, leaf area/ground area) or leaf 

area density (LAD, leaf area/unit volume) are the most used features to describe 

vegetation’s characters in the studies. However, the currently observed lack of univocity 

regarding the use of different measures might decrease the comparability of the studies’ 

results (Janhäll, 2015). Other studies have been measuring, for instance, vegetation porosity 

changes, which on high wind speed decreases for broadleaved trees and increases for 

conifers (Janhäll, 2015).  

Deposition  

Atmospheric deposition of air pollutant is an important loss of gases and aerosol particles 

and can take place also on vegetation surfaces.  

High vegetation density promotes pollutant deposition. A common way to describe and 

study deposition is through deposition velocity, which differs for different vegetation types, 

gases and particle sizes (Janhäll, 2015). Even for this aspect, there seems to be the need for 

standardization of the parameters used in experiments. It has been shown that leaf hairiness 

and wax content are associated with high deposition velocity (Speak, Rothwell, Lindley, & 

Smith, 2012; Weber, Kowarik, & Säumel, 2014). Higher wind speed has been discovered to 

decrease vegetation’s capture efficiency, and even more so deposition velocity, for 

broadleaved trees (Ruck & Gromke, 2008).  

Several studies have found that conifers have a higher deposition velocity compared to 

deciduous trees (Beckett, Freer-Smith, & Taylor, 2000; Freer-Smith, El-Khatib, & Taylor, 

2004). 

Particles, especially those belonging to the larger fraction, can get washed away from the 

leaves by the rain. Leaf wax has been observed to decrease the removal of deposited 

particles done by wind or rain (Dzierżanowski, Popek, Gawrońska, Sæbø, & Gawroński, 

2011).  
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Dispersion in urban areas 

Vegetation influences the dispersion of pollutant by altering the wind systems that transport 

and diffuse the emissions. Vegetation effects on the wind flow field are consequences of 

changes in mean velocity and the production of turbulent kinetic energy k and dissipation ε 

(Ries & Eichhorn, 2001). Fluid dynamics is used to describe and investigate air flows around 

objects and physical hinders such as vegetation, barriers or street canyons (Janhäll, 2015). 

Different studies have different spatial scopes, and generally smaller scales are more finely 

detailed and resolved. Nevertheless, model studies are inevitably simplifications of the 

reality and usually exclude some aspect (e.g. sinking cold air or differences between sunlit or 

shadowed surfaces (Janhäll, 2015) but also chemistry or deposition).  

A study performed by Salmond et al. (2013) has investigated the impact of seasonal variation 

of vegetation on pollution dispersion. The work, that analyzed the local impact of 

broadleaved trees canopy on the dispersion of NOX inside a street canyon, discovered that 

the presence of leaves on the trees hindered the vertical transport of pollutant above the 

treetops, leading to an accumulation below the trees (Salmond et al., 2013). Furthermore, it 

was discovered that during the summer, vegetation reduces the canyon vortex that usually 

forms when wind is perpendicular to the street canyon, which in its turn decreases the 

difference in pollutant concentration between the leeward and the windward sides of the 

canyon (Salmond et al., 2013). Buccolieri et al. (2011) investigated flow and dispersion of 

traffic emissions in a street canyon by performing wind tunnel experiments and 

computational fluid dynamic (CFD) simulations. Their result confirms earlier conclusions that 

avenue-like tree planting leads to higher concentration of pollutants both on the leeward 

and windward side of the canyons when wind direction is not parallel to the street. 

Furthermore, perpendicular winds lead to higher concentration even in treeless street 

canyons. However, they discovered that larger street canyons (i.e. lower H/W ratio) had 

lower concentrations when wind direction had a 45° inclination concluding that H/W aspect 

ratio and wind direction are the main two parameters that crucially affect street canyons air 

quality (Buccolieri et al., 2011). Pollutant accumulation is highest when high H/W is 

associated with perpendicular wind or low H/W (i.e. wider canyons) is associated with 45° 

inclined winds (Buccolieri et al., 2011).  
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Wind tunnels experiments are performed for efficiently analyzing wind dynamics (Janhäll, 

2015). The results are often used to improve CFD modelling. Without considering the 

filtering effects that vegetation can have on particulate pollution, Gromke and Ruck (2012) 

studied the dispersing effects of avenues trees in urban canyons. They carried out several 

wind-tunnel experiments with avenues of trees having different tree-stand densities and 

crown porosities. Different urban-canyon aspect ratio values were combined with three 

wind directions, 0° (i.e. parallel to the street), 45° (i.e. oblique to the street) and 90° (i.e. 

perpendicular to the street). The study firstly revealed that street canyons with vegetation 

generally have higher pollutant concentrations. Although trees do not annihilate canyon 

vortices, the accumulating effect is due to their hindering of the air flow (Gromke & Ruck, 

2012). With a perpendicular wind direction, concentration increases have been observed in 

the leeward side of the canyons, while some smaller decreases in the windward side were 

registered (Gromke & Ruck, 2012). With an oblique wind direction (45°) both canyon sides 

showed increased concentrations. It is with this wind direction that, opposing the dominant 

assumption that perpendicular winds represent the most detrimental conditions for 

pollutant dispersion, it was found that the strongest negative effects of tree avenues have 

on traffic emissions dispersion were observed (Gromke & Ruck, 2012). Earlier, Gromke and 

Ruck (2007) had discovered that larger tree can hinder air exchange and increase the 

concentration of pollutants at pedestrian level. The study recommended a broader tree 

spacing, smaller crown diameters and total tree height not exceeding roof top level (Gromke 

& Ruck, 2007).  Further studies, using ENVImet model, found increasing concentration of 

pollution with increasing H/W ratios and vegetation density (Wania, Bruse, Blond, & Weber, 

2011). Perpendicular flow and low wind speed were found to further worsen air quality 

(Wania et al., 2011). The study indicates hedges as a better alternative to street-canyon 

trees since their position closer to traffic emission allows a more efficient pollution retention 

(Wania et al., 2011). Confirming these findings, Vos, Maiheu, Vankerkom, and Janssen (2013) 

discovered that street trees may lead to significantly higher concentration of NO2 due to the 

reduction of ventilation and the outweighing of the plants aerodynamic effect over the 

filtering capacity.   

The workers conclusive recommendations to city planners were to avoid dense tree covers, 

especially in deeper canyons, due to their inhibition of the upward flow and air mixing 

(Wania et al., 2011). These statements confuted the more positive conclusion promoted in 
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studies such as Nowak (2006), where an increased percent of tree cover in the urban area 

was advocated to improve air quality. 

Summarizing Janhäll (2015) made a list of three final considerations on vegetation design 

and air quality: “ 

1.  Dilution of emissions with clean air from aloft is crucial; the vegetation should 

thus preferably low and/or close to surfaces  

2. Proximity to the pollution source increases concentrations of air pollutants and 

thus deposition; vegetation should be close to the source.”  
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4.3 Solid or porous barriers 

Assessing previous studies about barriers impacts on air quality revealed mixed results of 

improvement and deterioration. Barriers are usually placed between emissions sources and 

pedestrian and can function both for manipulating the wind flow, hence diluting pollutants, 

or for filtering the air through deposition (Janhäll, 2015). Noise barriers are frequently placed 

on major highways to decrease noise pollution to residential areas, but can also function as 

hinders to pollutants dispersion (Gallagher et al., 2015). Barriers are simpler to study due to 

their elementary geometry. Solid and constructed barriers mainly alter wind patterns, while 

vegetative barriers can also filter the pollutant out the air. Janhäll (2015) and Gallagher et al. 

(2015) included, in their respective reviews, an assessment of the current knowledge about 

solid and porous barriers. 

Investigations have been using various methods: field measurements, modelling, and wind 

tunnels experiments and mostly focused on single pollutants (Gallagher et al., 2015). Size 

and layout of a barrier, wind speed and direction, and turbulence conditions are the factors 

that can influence pollutant transport and dilution (Baldauf et al., 2008; Bowker, Baldauf, 

Isakov, Khlystov, & Petersen, 2007; Finn et al., 2010; Hagler et al., 2011). Several studies 

have revealed how noise barriers (i.e. solid barriers) trap pollutant in the upwind side 

leading to an increase of concentration in this location (Finn et al., 2010; Ning et al., 2010).  

According to Hagler et al. (2011) pollutants concentration on the windward side of the 

barrier can increase between 10 and 130% , together with a barrier height increase. Such 

increase resulted in a reduction of pollutant concentrations that reached up to 61% (Hagler 

et al., 2011). The rate for the reduction is anyhow also dependent on the type of pollutant 

(Janhäll, 2015). A potential increase in pollutant concentration further downwind from the 

barrier (150 m ca.) has been discovered by Ning et al. (2010) when comparing it with a no 

barrier situation. A significant more lateral dispersion has been documented by Finn et al. 

(2010) in a study about pollutant concentrations and turbulence around the barrier. Two 

studies have analyzed also the enhanced positive effects of a combination of solid and 

porous (i.e. vegetation) barriers on air quality (Baldauf et al., 2008; Bowker et al., 2007).   

Vegetation barriers, in order to perform an efficient filtrating effect, should have a density 

high enough to provide large deposition surface area, and porous enough to enhance 

penetration rather than wind flow deviation (Janhäll, 2015). 
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Other types of solid barriers that have been investigated, by among others Gallagher et al. 

(2015), are those belonging to the built up environment, such as low boundary walls and 

parked cars. 

With the purpose of investigating the effects of vegetation barriers on near-road air quality, 

Tong, Baldauf, Isakov, Deshmukh, and Max Zhang (2016) performed a number of simulations 

using the Comprehensive Turbulent Aerosol Dynamics and Gas Chemistry (CTAG) model with 

Large Eddy Simulation (LES) on six different barrier configurations. The result revealed that 

two designs were able to achieve the best performances. A wide vegetation barrier with high 

Leaf Area Density (LAD), and the combination of a solid barrier and a porous one, i.e., trees 

along the solid barrier. Both solutions were found to significantly decrease the particle 

concentrations downwind. 
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5. Methods  

5.1 Dispersion model 

Air quality models are used to calculate pollutant concentrations and deposition fluxes at 

different locations and times using mathematical equations describing the atmospheric 

transport processes and chemical and physical transformation processes between the 

emissions sources and the area of interest (Fallah Shorshani et al., 2015). 

The empirical part of this work has been performed by MISKAM (Microscale Climate and 

Dispersion Model) which is a three-dimensional CFD-model (Computational Fluid Dynamics) 

for calculating gas and particle pollution dispersion in a microscale (Eichhorn & Kniffka, 

2010). The model calculates wind conditions and compounds distribution with high 

geographic resolution within an area extending from a street to an urban section. The 

standard Reynolds-Averaged Navier–Stokes (RANS) simulations, incorporating a k–ε 

turbulence scheme and Reynolds-Stress Model (RSM), have been broadly adopted for 

investigate air flow and dispersion and have been extensively utilized in other studies of 

similar nature showing of being able to produce accurate results which similarly replicate 

wind tunnel or field measurement results. However, these models may not be able to 

Figure 4. Schematic representation of the methodological approach (modified from (Amorim, Rodrigues, Tavares, Valente, 
& Borrego, 2013)) 
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capture the unsteadiness of the flow field within the street canyon and its limitations have 

been successfully overcome by large eddy simulations (LES) providing more accurate results 

but with significantly more computing power required (Fallah Shorshani et al., 2015). 

The typical grid resolution of the measured area is 1-2 m. The model, ran in a program 

system called SoudPLAN, simulates a three-dimensional wind field including turbulences due 

to buildings and traffic and horizontal transport, sedimentation and deposition. These 

features make it suitable for calculations within densely built-up environment.  

The possible data inputs are: road net information, buildings in 3D, and information on 

emissions. In addition, MISKAM requires local meteorological data (Figure 4). 

The results of the calculations, given for each vertical level above the chosen area, are 

expressed as wind fields, pollution maps for concentration and deposition and statistic. 

Furthermore the program offers several functions for after processing and visualizing of the 

results (SMHI, 2016). 

MISKAM also allows to include vegetation in the calculation of the air flow but cannot 

calculate pollutants deposition onto canopies and branches. This may represent a risk to 

overestimate vegetations negative consequences on air quality.  

When assessing the limitations of CFD-models, Fallah Shorshani et al. (2015) found that the 

complex interactions between the aerodynamic effect of the urban morphology and the 

turbulences generated by the traffic can be one source of approximation or imprecision. Wet 

and dry depositions are phenomena still difficult to estimate with accuracy due to the 

number of variables involved.  Furthermore, background concentrations impacts on air 

quality have wide spatial and temporal variations difficult to reproduce accurately (Fallah 

Shorshani et al., 2015).  
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5.2 Description of the study area   

In order to make the densification simulation more realistic, a central and quite sparsely 

built area found in Gothenburg has been chosen as base for the calculation and the creation 

of the virtual scenarios (Figure 5).  In the present situation the area appears to be under 

development, especially the eastern part occupied by villas.  

The densification simulation has been performed aiming to reach a population density of 

150 inhabitants per hectare. This value has been taken from UNs recommendations for a 

sustainable urban development (Habitat, 2014). Such a population density, and in some 

cases even higher, is often found in central parts of Swedish cities, whilst in suburban areas 

is considerably lower. In Sweden, similar values are found in Gothenburg (Vasastaden, ca 

160 pp/he) and Malmö (Möllevången ca 210 pp/he). In Stockholm similar values can be 

found (Vasastaden, ca 213 pp/he), although the city has areas with higher densities. For this 

reason, assuming a densification reaching 150 pp/he seems to be a reasonable guideline for 

the study simulation.  

Figure 5. Area around the crossroad Gibraltargatan-Eklandagatan in Gothenburg that has been used as a base for the 
densification study. All the building in the satellite picture have been included in the calculation of the wind fluxes, while 
the dispersions of pollutant have been calculated for the area delimited by the red rectangle. The pictures are taken from 
Google maps 
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Considering all the construction in the current study area as residential buildings, the 

estimated population would give rise to a density increase of about 50% in order to reach 

UNs target value. Such increase can take place with different buildings configurations.  

5.3 Building of scenarios 

5.3.1 Densification scenarios 

In order to study the effect on the wind flow of different configurations, six virtual scenarios 

have been created according to Table 1.  The present situation has been virtualized (SD0) and 

dispersion has been calculated to compare the result with those coming from different 

manipulation and function as a sort of control when analyzing the variations. The structures 

added in the densification scenarios have been thought to be as uniform as possible, 

including only one type of building and few other variations. Three commonly found types of 

residential construction have been chosen: closed block buildings, single high-rise building 

and line buildings. Two different placement of line buildings in relation to the wind and the 

street direction have been chosen. Effects of different heights of multistory buildings have 

been tested in two scenarios. Dimensions, typologies, and shapes of the chosen buildings 

have been taken from observation of the urban environment with the intent of keeping the 

simulation as close to the Swedish urban reality as possible. As mentioned above, the shapes 

of the buildings are rather simplified, and the roofs are flat.  

The total surface that in each densification scenario is occupied by buildings has been 

calculated based on the assumption that, in the main Swedish cities, for every inhabitant is 

allocated on average 40 m2 of habitable surface (Statistiska centralbyrån, 2016). 

Furthermore, the height of each store in multistory buildings has been considered being 2.5 

m. The five densification scenarios have been calculated and designed to have the same 

total habitable surface in an area of 500 x 500 m.  A three-dimensional air flow model is 

calculated for each scenario based on wind speed, direction and turbulence created around 

buildings or constructions. Based on the results of the wind patterns, the dispersions of 

traffic emitted pollutants have been calculated in a centralized smaller area (240 x 300 m) 

and with a grid cell resolution of 2 m. The actual topography has been excluded from the 

study with the intent of having the lowest amount of variation and refine the effects of each 

building typology. The concentration values resulted from the simulation in the present 

scenario can thus diverge from the reality.  
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The scenario representing the current building situation has been created with traffic values 

and emissions calculated for each street from actual data taken from the city statistics 

(Göteborgs Stad, 2017). Emission factors applied in the calculation are taken from HBEFA 

(2017). A population increase of 50% probably implies a consequential increase in the road 

traffic. Considering that a future sustainable city would also invest in alternative and fossil 

free means of transportations it seems more realistic to suppose that the increase in traffic 

amount would not be proportional to the density increase. For this reason, an increase of 

20% has been applied to the emissions data of the densification scenarios (SD1-SD5).  

Table 1. Description of the studied compaction scenarios. Pictures are taken from Google maps. 

Scenari
o 

Description 3D-map from 
MISKAM 

Example from reality 

SD0 Present scenario 

Current traffic and buildings 
from the area around the 
crossover Gibraltargatan-
Eklandagatan in Gothenburg. 

Constructions height varies from 
7 m villas to 17 m line buildings.  
H/W≈ 0.4 

  

SD1 Densification 1 

Closed block buildings, even 
height of 17 m 

Traffic emissions: 20 % increase 
from SDo  
 
H/W≈ 0.5 

 

 

SD2 Densification 2 

Single high-rise buildings, even 
height of 33 m 

Traffic emissions: 20 % increase 
from SDo 

 

 

SD3 Densification 3  

Single high-rise buildings, height 
varying between 23 and 43 m.  

Traffic emissions: 20 % increase 
from SDo 
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SD4 Densification 4 

Line buildings, height 17 m, 
placed perpendicular to the main 
street and parallel to the 
principal wind direction.  

Traffic emissions: 20 % increase 
from SDo 

 

 

SD5 Densification 5 

Line buildings, height 17 m, 
placed parallel to the main street 
and perpendicular to the 
principal wind direction.  

Traffic emissions: 20 % increase 
from SDo 

H/W≈0.76  

 

 

5.3.2 Vegetation scenarios  

A simpler street canyon scenario was built to investigate the effect that different vegetation 

placements and shapes can have on air quality. In this scenario, a series of attached closed 

block buildings were placed around a main road and a crossway. This conformation has been 

chosen due to its frequent occurrence in central parts of Swedish main cities. The pollution 

dispersion for these scenarios have been calculated over an area of 150 x 200 meters and 

with a grid cell resolution of 1 x 1 m. Since vegetation often occupies relatively less surface in 

an urban environment, a higher resolution has been chosen in order to show result clearer 

and more detailed. Traffic and emissions levels are the same as for the main street in the 

densification scenarios.  

Eight different vegetation scenarios have been built in the street canyon with the intent of 

investigating dispersion effects of bushes, small and big trees, green walls and small conifers 

(Table 2). Furthermore, a scenario representing broadleaves vegetation during winter has 

been created by reducing the leaf area density parameter. One last couple of scenarios was 

built for testing the effect of avenues of large trees only on one side of the street canyon.  

The only way the model can calculate the vegetation influence on pollutant dispersion is 

uniquely through the alteration of the wind flow. When designing the virtual scenario, apart 

from the physical dimension of the vegetation, two descriptive variables can be attributed to 

each piece of vegetation. Leaf Area Density (LAD) and surface coverage values were 
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attributed to the different layers of vegetation of each vegetation unit. As mentioned above, 

LAD is defined as the projected leaf surface area per unit volume (m2/m3) (Balczó et al., 

2009). Surface coverage, expressed with a value between 0 and 1, represents the portion of 

the designed area in each layer that is occupied by vegetation.  

When designing bushes and hedges, both LAD and the surface coverage have been 

estimated being evenly distributed within the whole designed volume. The trunks of the 

trees have been designed with a value of 0 for both LAD and surface coverage. Values for 

tree crowns have been given dividing each crown in three layers. To the central parts of the 

crowns has been attributed the highest level of LAD and surface coverage, while for the 

lower and upper parts were assumed to be less densely covered. Searching for reference 

values for LAD and surface coverage in literature revealed the inconsistency of the usage of 

these variables in other studies. Due to this reason, the choice has been mainly based on 

values proposed by Balczó et al. 2009. In addition, the mentioned study also used MISKAM 

as a calculation tool. To lower and upper part of tree crowns a LAD value of 1.33 m2/m3 has 

been given, while 3.3 m2/m3 was used for the central part. Highly dense vegetation, such as 

bushes and hedges, were described with a LAD of 4.17 m2/m3. Similar values have been 

found in other studies studier (e.g. Czáder, Balczó, & Eichhorn, 2009; Wania, Bruse, Blond, & 

Weber, 2012).  Regarding vegetation surface coverage, a value of 0.5 has been given to the 

upper and lower portions of the crowns, while the central parts have value 1. This means 

that the middle of the crown occupies entirely the designed surface, while the upper and the 

lower part only the half. In this study all the designed trees along the street canyon were 

assumed to be identically shaped. This assumption is inevitably a considerable simplification 

in the attempt of describing and shaping vegetation realistically. Tree crowns are rarely 

uniformly dense or shaped, so results coming from the calculation using this model imply a 

higher degree of uncertainty when vegetation is used to alter wind flows compared to when 

wild flows are calculated using solid volumes such as buildings. Nevertheless, the results are 

indicative for the extent of the influence that vegetation can have on air flow. 

Since no helpful literature was found when choosing the LAD values for the large winter 

trees simulation (SV7) it was decided to estimate a decrease of two thirds of the leaf area 

density of the values applied to the correspondent scenario fully in leaf (SV3). 

Leaf area density for conifers was instead estimated recalculating the values from the 
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vertical distribution found in Ries and Eichhorn (2001) proportionally to those of the broad-

leaved trees LAD already used in the other scenarios. 

An additional uncertainty of the method is derived by the fact that the only effect that 

vegetation can apply on air pollution dispersion is via the alteration of air masses movement. 

At this stage of development, it is not possible for MISKAM to perform calculation including 

the deposition effect of vegetation.  

Table 2. Description of the studied vegetation scenarios. Surface cover for the tree trunks is always set to 0. Pictures are 
taken from Google maps. 

Scenario Description 3D-map from MISKAM Example from reality 

SV0 Street canyon without vegetation  
Surrounding buildings height 17 m.  
Street canyon width 32 m. 

  

SV1 Low bushes between road and 
sidewalk.  
Height 1 m, width 1 m. 
LAD 4.17 
Surface coverage 1  

 

SV2 Small trees avenue along the road 
Height 5 m (trunk 2 m) 
Crown width 3 m 
LAD crown 1.33, 3.33, 1.33 

Surface coverage crown 0.5, 1, 0.5 

  

SV3 Larger trees with covering crowns 
Height 10 m (trunk 3 m) 
Crown width 10 m 
LAD crown 1.33, 3.33, 1.33 
Surface coverage crown 0.5, 1, 0.5 

 

 

SV4 Green walls along to the facades 
Width 1m* 
LAD: 4.17 
Surface coverage 1 
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SV5 Larger trees on leeward side 
Height 10 m (trunk 3 m) 
Crown width 10 m 
LAD crown 1.33, 3.33, 1.33 
Surface coverage crown 0.5, 1, 0.5 

  

SV6 Larger trees on windward side 
Height 10 m (trunk 3 m) 
Crown width 10 m 
LAD crown 1.33, 3.33, 1.33 
Surface coverage crown 0.5, 1, 0.5 

  

Sv7 Larger trees in winter 
Height 10 m (trunk 3 m) 
Crown width 10 m 
LAD crown 0.43, 1.1, 0.43 
Surface coverage crown 0.5, 1, 0.5 

  

Sv8 Small conifers avenues along the 
road 
Height 5 m (trunk 1 m) 
Crown width 3 m 
LAD crown 1.18, 0.94 

Surface coverage crown 1, 0.7 

  

*Probably an overestimation of the width but chosen due to the model minimum grid cell 

width.  

5.3.3 Barrier scenarios 

Heavily trafficked highway sections are found in most cities. They can decrease the traffic 

load of central and more populated street canyons and at the same time isolate the rest of 

the environment from the noises and pollution created. Barriers can be solid such as 

concrete or wood shields or more porous such as vegetation. Three different types of 

barriers have been built in the model with the intent of observing their effect on the find 

flow and hence on emissions dispersion (Table 3).  The traffic load and condition chosen for 

this scenarios group correspond to Dag Hammarskjöldsleden in Gothenburg (Göteborgs 

Stad, 2017) for which the yearly average was calculated being around 36 000 vehicles per 

day (6% of which is represented by heavy vehicles). This traffic amount is not particularly 

high, compared to heavily trafficked sections, and has been chosen for being rather common 

and representative for similar sections found in big cities.  

Roadways go often through open or partially open areas. To simulate the dispersion to a 
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nearby built-up sector, a base scenario has been created placing building in the windward 

side of the road (considering the principal wind direction). Attention has been given to an 

open space between the constructions upwind. This kind of areas are usually thought to be 

ideal places where people can spend longer outdoor time, such as playgrounds, 

kindergartens yards or open-air cafés. In the leeward side of the scenario, no vegetation or 

buildings have been placed, in order to obtain results in the built-up area based on an air 

flow free from disturbances coming from the leeward side. Four additional scenarios have 

been built to evaluate the effects of a noise barrier, a wider vegetation barrier, and a 

combination of these. Furthermore, one scenario was designed with a relatively dense built-

up area placed on both sides of the road. The street canyon width in this last scenario was 

set to be 65 m according to observed example taken from section of the E6 passing through 

central Gothenburg. Similar widths are found in Stockholm where the Essingeleden pass 

through Stadshagen. The chosen calculation area for this group of scenarios has been 300 x 

500 m, due to the presence of large objects influencing the flows. The chosen grid cells 

resolution was set at 3 m. No other source of emission or traffic has been added to the 

scenario, in order to isolate uniquely the effects of the roadway.  

Table 3. Description of the studied motorway scenarios. Pictures are taken from Google maps. 

Scenario Description 3D-map from MISKAM Example from reality 

SB0 Closed block 
buildings 
Even height 17 
m 
with open area 
placed on the 
leeward side of 
the road.  

  

SB1 Noise solid 
barrier* placed 
between the 
road and the 
built-up area 
Height of the 
barrier 4 m, 
width 3 m 
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SB2 Vegetation 
barrier placed 
between the 
road and the 
built-up area 
Height 4 m, 
width 4 m  
LAD 4.17 

 

 

SB3 Combination of 
4 m high solid 
barrier and 10 m 
high vegetation  
LAD crown 1.33, 
3.33, 1.33 
Surface coverage 
0.5, 1, 0.5 

  

SB4 Dense built-up 
area on both 
side of the road, 
even height of 
17 m, with open 
area placed on 
the leeward side 
of the road 

 

 

* Due to the model inability to calculate air flux around small objects, noise barriers have 

been designed as buildings with the same width as a grid cell (3m).   

5.4 Emissions to air 

Traffic induced exhaust emissions consist mainly of carbon dioxide (CO2), nitrogen oxides 

(NOX, NO and NO2), carbon monoxide (CO), volatile organic compounds (VOCs), nitrous oxide 

(N2O), particulate matter (PM), ammonia (NH3), persistent organic pollutants (POP) such as 

polycyclic aromatic hydrocarbons (PAH) and finally metals (Fallah Shorshani et al., 2015). 

These compounds emissions result are consequences of engines internal combustion of 

fossil fuels, fuel evaporation, and wear of tires, brakes, clutches and the road itself (Fallah 

Shorshani et al., 2015).  

In the area chosen for the simulations, air pollution sources are uniquely represented by 

traffic emissions. As explained by Fallah Shorshani et al. (2015), emissions from traffic are 

estimated by multiplying emission factors with the relevant daily average activity data for 

different vehicle classes in a recent year. Estimations of such emissions have been based on 
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the available traffic statistic of the actual study area (Göteborgs Stad, 2017) and the 

emission factors taken from HBEFA (2017).  

All the results proposed and analyzed regard uniquely traffic related NOx emissions. Despite 

the high level av interest for NO2 and PM2.5 in urban environment, dispersion results for such 

compounds have been excluded from the discussion since the limitations of the model in 

managing with chemical transformation, and the complexity regarding emission, deposition 

and resuspension of particles. To minimize error, the variation of NOx concentration has 

been chosen as representative for analyzing the effect on the dispersion caused by 

vegetation and buildings.  

Background concentrations have not been included in the calculation since the aim of the 

study is to quantify the differences between different solutions and placements effects on 

local traffic emissions. For this reason, the actual concentration levels might be higher. 

5.5 Meteorology 

 

 Wind conditions are essential factors governing the dispersion of air pollution. Wind 

direction and wind speed are the variables that decide emission mixing and transport. 

Stronger circulation of air masses implies a more efficient diffusion and dilution of the 

pollutants which results in lower concentrations.  

Figure 6. Windrose representing a type-year for central Gothenburg. 
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A meteorological type-year (Figure 6) has been created compiling statistically representative 

monthly meteorological data over the last 20 years based on an objective weather 

classification (Lamb’s weather classes) (Chen, 2000). 

The type-year has been created using data regarding Gothenburg and collected from SMHI 

web database (SMHI, 2019). Even though wind conditions can show strong local variations, 

the Swedish territory is mainly dominated by westerly winds (SMHI, 2013). This elevates the 

results of the study, for the wind coming from West and South-West, to representative 

results for the rest of Sweden (except for the alpine regions).   

Wind speed distribution during the year-type is composed of 5% of wind speed under 1 m/s, 

79% of wind between 1 and 4 m/, and 17% of wind with a speed higher than 4 m/s. Due to 

the frequent occurrence of this distribution, it is considered to be representative for Swedish 

cities.  
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6. Results 
The results of the calculations of each scenario consist in thematic maps representing the 

dispersion of NOx by using different colored gradients of concentrations. Maps indicating 

wind fields and wind speeds are proposed in order to give a better understanding of the 

dispersion dynamics. In the study, more attention is given to the variations in concentration 

rather than to the numerical values of the concentrations of pollutant. For each basic 

scenario, the concentration is expressed with a color, from green (low) to red (high), 

indicating the range of µg/m3 that interests the area. To better show the differences 

between the scenarios, maps representing percentage differences between chosen pairs of 

alternative configurations have been created. In these maps, negative values indicate 

decreases in concentration of NOX in the first scenario of the pair, while negative ones are 

for concentration increases in the same scenario.  

It is important to consider that in areas where emissions concentrations are low, the 

percentage changes can result high although the actual concentration changes are minimal.  

Comparing percentage differences is significant mainly for those areas where the 

concentration value is of importance in the surrounding (e.g. principal roads).  

6.1 Effects of different densification configuration on airflow and air 

quality 

6.1.1 Effects of densification and traffic increase 

To illustrate the variations in pollutant concentrations derived by the different densification 

designs, a series of maps showing the yearly average NOX concentrations resulting from the 

dispersion simulations in each scenario are presented in Figure 7. The concentration 

increases coming from the traffic are clearly visible, especially along the main vertical and 

horizontal roads where the differences are bigger. To better investigate whether the 

alterations are caused by the emission increase consequent the higher traffic load, 

percentage differences between scenarios have been calculated pairwise and illustrated in 

maps. Dispersion is shown both using yearly average concentrations and concentrations 

resulting from the representative meteorological case with wind flowing with 2.5 m/s speed 

coming from west and from south. 
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To investigate the difference in dispersion between the current scenario and one of the most 

common densification scenarios (SD1, the closed block building densification scenario), 

results of the two have been compared in Figure 5. SD1 shows an increase in concentration of 

at least 20% along the main streets. The increase is higher in those areas with higher and 

more densely built constructions (map a). Along and next to the roads the concentration 

increase can be over 70% which, being way higher than the 20% increased emissions, 

indicates that it is not only higher traffic loads to weight on pollutant concentration but also 

a clearly hindered dispersion. Inner yards of the closed block buildings (the green areas in 

Figure 7. Yearly average NOx concentration for the densification scenarios 2-5. Values belongs to the 
layer between 1 and 2 m above the ground. The red line indicates where cross section is taken. 
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Figure 4) are protected from the transport of emission and show a decrease in concentration 

at least of 20%. In Figure 5, map b shows the resulting dispersion when isolating westerly 

wind. In this situation although the next road deterioration is still slightly present, it is 

possible to detect some improvement (up to 60%) in the areas where in SD0 buildings on the 

left side of the road are hindering the air flow and between those on the right side by letting 

the wind transport the pollution. Even though the pattern appears slightly different, it is 

possible to recognize the same types of variation in map a and b in Figure 8.      

Higher and densely built constructions obstruct the air flow and hence the dispersion and 

dilution of pollutants which results in higher concentration at the emission source (street).  

This comparison shows substantially that higher traffic loads and wind flow alterations, 

which are two main features of a densified area, can cause between 20 to over 70% of 

increase in pollutant concentrations around the main streets. Since dispersion is a local 

phenomenon, improvement in area might in some case comport deterioration in other.  
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Figure 8. (Above) Yearly average NOX concentration for the current scenario and 
densification scenario 1. Values belongs to the layer between 1 and 2 m above the ground.  
(Below) Percentage changes in concentrations of traffic emitted NOX after densification with 
closed block buildings compared to the current scenario (SD1-SD0). (a) Values are calculated 
on yearly average concentrations in the layer between 1-2 m above the ground. (b) Values 
are calculated on concentrations in the layer between 1 and 2 m above the ground with 
wind speed of 2.5 m/s and direction of 270°.   
Positive values indicate increasing concentrations in the first scenario (SD1), while negative 
values indicate decreasing concentrations in the same scenario compared to the second. It is 
important to observe that areas with low concentrations (green areas in the maps above) 
can result in high percentage changes despite the actual concentration values are still low. 
The red line indicates where cross section is taken. 
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6.1.2 Effects of different building configurations 

Since the block house densification scenario (SD1) is considered to be one of the most 

common layouts in central and densely built areas of Swedish cities, results of the 

calculations on this scenario have been used as a reference when comparing the results 

coming from the other scenarios (Figure 9). Although different wind directions are at the 

base of the diffusion patterns resulting, it has been chosen to show the results of these 

comparisons using yearly average concentrations. The morphologic complexity of the results 

requires a case by case analysis and would not allow to easily draw general conclusions. 

In some case, it has been chosen to present some of the results isolating the dominant wind 

directions, such as 270° and 180° since, as previously mentioned, they are very common not 

only for Göteborg but also for Swedish cities in general. Furthermore, as it emerges from 

literature, winds that are perpendicular to street canyons are generally the most adverse 

and hence most interesting wind directions to look at when it comes to pollutant dispersion 

in urban settings. 

In general, inner yards improve air quality since in all the comparisons concentrations can 

rise over 70% compared to the block house scenario. It is important to observe nonetheless 

that it is only in the area close to the road that concentrations differ substantially, and hence 

high percentage alterations are less significative in those areas where concentration values 

are low. 
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Looking at Figure 4 and 5 helps to individuate the areas with higher concentrations, where 

percentage alterations are more relevant.   

The densification design causing lowest pollutant levels, when looking at yearly average 

values, is in the high-rise buildings’ scenarios. This is probably since they do not block 

Figure 9. Percentage changes in concentration of traffic emitted NOX after densification with closed block buildings 
compared to the other densification scenarios (SD2, SD3, SD4, SD5). Values are calculated on average concentrations in the layer 
between 1-2 m above the ground. Positive values indicate increasing concentrations in the first scenario, while negative 
values indicate decreasing concentrations in the same scenario compared to the second (e.g. SD2 compared to SD1). It is 
important to observe that areas with low concentrations (green areas in figure 5) can result in high percentage changes 
despite the actual concentration values are still low. 
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westerly and southern winds, which are the dominant wind directions, as efficiently as the 

longer constructions and create more turbulence. Furthermore, the comparison between 

closed block building scenario (SD1) and scenario with line buildings along the road (SD5) 

indicates that the latter scenario is responsible for an increase up to 20% in the sidewalk 

along the street canyons and up to 40% in the street. Figure 10 illustrates the wind patterns 

for SD1 and SD5 in the same cross section that are generated when wind is perpendicular to 

the street canyon. The lower wind speed of the internal vortex in SD5 is an explanation for 

the higher accumulation of pollutant in the canyon.  

 

Figure 10. Cross sections (see red line in Figure 8) of the street canyons representing wind patterns and wind speed in SD1 
and SD5. Results represent a meteorological case with wind speed of 2.5 m/s and direction of 270°. 

The main conclusion from this group of scenarios is that placing tall and long buildings along 

the street can result in a decrease of dispersion and in a deterioration of air quality in the 

street canyons.  
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6.1.3 Comparison between even and uneven heights of high-rise buildings  

As mentioned in the previous paragraph, high-

rise buildings clearly allowed a better ventilation 

which resulted in lower concentrations and 

better air quality. The comparison of SD2 and SD3 

is presented in Figure 11 with the intent of 

individuate possible explanations. Negative 

values indicate the percentage decrease in NOX 

concentration taking place when the 

densification is performed with unevenly high 

multistory buildings (SD3) compared to the 

scenario with evenly high constructions (SD2). 

Although it is hard to identify a clear pattern 

that would fully explain the variations, the larger 

areas of decreased concentration in unevenly 

high buildings scenario indicate that the 

variation of height increases wind turbulence 

and contribute to higher wind speed and a 

better dispersion. 

It is possible to observe 

that the improvement 

shown by the negative 

values in the central area 

of the main vertical street 

in Figure 11 corresponds 

to higher wind speeds in 

the SD3 shown in Figure 12.  

Since that area is 

interested by an improvement between 4 and 20%. A closer look at the wind pattern 

between the two buildings is provided in Figure 12 with the intent of, at least partially, 

explain such a difference. SD3 seems to have a more turbulent situation and an internal 

Figure 11. Percentage changes in yearly average 
concentration of traffic emitted NOx after densification with 
unevenly tall high-rise buildings compared to evenly high 
buildings (SD3-SD2). Values are calculated on mean 
concentrations in the layer between 1-2 m above the ground 
with wind speed of 2.5 m/s and direction of 270°. 

 

Figure 12. Yearly wind speed averages for the densification scenario with evenly high 
multistory buildings SD2, and unevenly high SD3. Values are calculated in the layer 
between 1-2 m above the ground. The red line indicates where cross section is taken 
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vortex with higher wind speed at 

a lower height which enhance a 

better air mixing at the 

pedestrian level (1-2 m). 

It is impossible to state with 

certainty that uneven buildings 

heights are always the best 

solution, but in general 

variations in height have more 

positive consequences of 

pollutant dispersion. More 

simulations combining different 

heights and different placements would be needed to obtain a clearer picture of the total 

effect and the most ideal configuration. The result indicates anyhow that this type of 

building has the highest air quality improvement potential. 

A deeper analysis of each single height combination case should be necessary to understand 

deeper the wind patterns alterations originated in the different configurations.  

 

 

  

Figure 13. Cross sections (see red line in Figure 12) of the street canyons 
representing wind patterns and wind speed in SD2 and SD3. Results represent a 
meteorological case with wind speed of 2.5 m/s and direction of 270°. 

 



42 
 

6.1.4 Comparison of different line house angulations 

As shown, line buildings can affect air flow efficiently 

and have a great impact on dispersion. Placing 

parallel line buildings along the street seems to 

provoke a deterioration of the air quality. The 

increase of NOX concentration is higher than 70% on 

the leeward side of the street canyons with a wind 

direction perpendicular to the street (Figure 14, 

center). Line buildings aligned with the street protect 

the downwind area around the side of the 

constructions which is not facing the street. However, 

as shown in Figure 7, these areas have relatively low 

concentrations in both the scenarios (between 0 and 

6 µg/m2). Percentage differences are thus less 

indicative since the actual concentrations difference 

are low. 

The result of the comparison when isolating southern 

wind was rather unexpected (Figure 14, below). In 

this case a northwards channeling of the wind flow 

would have been expected and thus a better 

dispersion in the street canyon would have been the 

consequence. The result showed instead that, also in 

this case, SD5 have higher concentrations than the 

scenario with line buildings perpendicular to the 

street (SD4). This could possibly be explained by two 

reasons. Horizontal line buildings, perpendicular to 

southern winds, could enhance turbulence, favor air 

mixing and lower NOX concentrations. Another reason 

could be the fact that the inclination of the street 

compared to the wind (which was chosen to be 180°) 

is not necessarily parallel, but rather towards 30-40°. 

Figure 14. Percentage changes in concentration 
of traffic emitted NOX after densification with 
linear west-east buildings compared linear south-
north buildings (SD4-SD5). Values are calculated in 
the layer between 1-2 m above the ground from 
yearly concentration values (above), a 
meteorological case with wind speed of 2.5 m/s 
and direction of 270° (center) and one with wind 
speed of 2.5 m/s and direction of 180° (below). 
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This inclination is more favorable to a 

pollutant transport following the 

formation of a helical vortex rather than a 

channeling flow. The wind speeds 

deriving from the two scenarios are 

presented in Figure 15 as average wind 

speeds and as speeds for southern winds. 

It is quite evident that the scenario with 

line buildings perpendicular to the street 

(SD4) has higher wind speed compared to 

the scenario with line building along the 

street (SD5) even with winds coming from 

the south. In general, it has been shown 

that line buildings are very efficient both 

at hindering the wind but also at 

increasing the air flow. A positive effect 

can be obtained if the placement is done considering carefully the wind direction and the 

areas that are meant to be protected and less exposed to the pollutant diffusions. 

  

Figure 15 Yearly wind speed averages for the densification 
scenarios with line buildings SD4, SD5 (above) and wind speed with 
a meteorological case with wind speed of 2.5 m/s and direction 
of 180° (below). Values are calculated in the layer between 1-2 m 
above the ground. 
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6.2 Effects of vegetation on the air flow and the air quality on a street 

canyon 

Eight scenarios have been built in 

order to investigate the effects of 

different vegetation designs on 

pollutant dispersion in a street 

canyon. The results coming from 

the simulations must be interpret 

considering that the model does 

not take into account deposition 

onto vegetation which is 

unfortunate considering that 

deposition has a high pollutant 

reduction potential.  

Figure 16 shows the yearly 

average concentrations of NOX 

resulting when the street canyon is completely devoid of vegetation and when the canyon is 

occupied by an avenue of large and 10 meters tall trees. It was observed that SV3 provoked 

the worse deteriorating effect on the street canyon air quality compared to all the other 

vegetation scenarios analyzed. The reason for this is the alteration of the wind speed 

performed by the trees’ crowns preventing air flow. A series of cross views from the same 

section of the street canyon is presented for each of the studied vegetation scenarios in 

Figure 21.  The scenario with bushes (SV1) does not seem to affect NOX concentration nor the 

wind speed. Typically, the expected effect from this solution, placed right at the source, is 

sort of filtering the emission and containing the dispersion. It is possible that the size of the 

bushes (1x1 m) was not enough to generate an effect. A slightly more visible impact is made 

by the small trees scenario (SV3), especially on the wind speed which decreases in most of 

the vertical extension of the canyon and substantially decreases on the leeward sidewalk 

although concentrations seem to be somewhat higher in the windward side. Large trees 

(SV4), as already shown, provoke an increase of concentrations in the lower levels of the 

street due to the fact that wind speed is significantly lowered by the trees’ crowns. Green 

walls also clearly diminish the canyon wind speed due to the weaker turbulences created by 

Figure 16. Yearly average of NOX concentration for the scenario without 
vegetation (SV0) and for the large trees scenario (SV3). Values belong to the 
layer between 1 and 2 m above the ground. The red line indicates where 
cross sections are taken. 
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the change of surface onto which the airflow bounces. Wind speed reaches its minimum 

closer to the buildings’ surfaces. Lower speeds interest the lower level of the upwind side 

while on the downwind surface the decreasing reaches up to higher levels. Due to the model 

limitations, it was not possible to set the thickness of the green wall smaller than 1 m which 

is probably an overestimation of the actual sizes and effect. The described damping effect 

could therefore be excessive. In SV5, leeward trees are very efficient in altering the vertical 

wind speed profile reaching minimum wind speed in the left downwind side of the canyon 

where also NOX concentrations result higher. A specular situation is observed for the 

dispersions resulting in SV5 and SV6 since in both scenarios NOX concentrations increase in the 

side of the canyon where the trees are present. The wind speed is somewhat lower in the 

Figure 17. Percentage changes in concentration of traffic emitted NOX in the street canyon resulting comparing the no-
vegetation scenario with the one furnished with large trees on the leeward side (SV5), with large trees on the windward side 
(SV6), small bushes along the road (SV1) and with green walls (SV4). Results are calculated for the layer between 1-2 m above 
the ground from yearly concentration values (above), a meteorological case with wind speed of 2.5 m/s and direction of 
270° (center) and one with wind speed of 2.5 m/s and direction of 180° (below). 
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downwind treeless area of the windward trees scenario (SV6). As expected, the scenario 

simulating winter trees SV7 resulted in a less efficient wind speed reduction, especially below 

the canopy which resulted in a more efficient horizontal dispersion and hence in slightly 

lower concentrations in the first layers above the ground. Minimal differences were found 

comparing concentration results from the simulation of conifers (SV8) compared to 

broadleaved trees of the same size. The simulated conifers seem to decrease the vertical 

wind speed profile less efficiently than deciduous trees but at the same time, probably due 

to less turbulence generated by the lower LAD of the crown, the wind speed at the ground 

level is slower making them possibly more congenial to deposition. 

Comparisons of the results for all the vegetation scenarios and the no-vegetation scenario 

are also presented in Figure 17 and 18 as percentage differences. In general, most of the 

scenarios seem to cause deteriorations of the air quality, which can be up to 40% along the 

Figure 18. Percentage changes in concentration of traffic emitted NOX in the street canyon resulting comparing the no-
vegetation scenario with the one furnished with large trees (SV3), with large trees on wintertime (SV7), with small trees (SV2) 
and with small conifers (SV8). Results are calculated for the layer between 1-2 m above the ground from yearly concentration 
values (above), a meteorological case with wind speed of 2.5 m/s and direction of 270° (center) and one with wind speed of 
2.5 m/s and direction of 180° (below). 
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sidewalk and close to the buildings. Almost no effect is observed in the comparison between 

no-vegetation and small bushes next to the road.  

In some case, improvements can be observed along the roadway, especially with southerly 

winds, and on the windward side of the canyons, with westerly winds. These effects 

exacerbate with increasing vegetation sizes, since larger crowns hinder vertical dispersion of 

the emissions but promote the horizontal transport.  

It has been observed that isolating southerly winds results in the most intense deteriorations 

since vegetation crowns act as a sort of lead and canalize the emissions.  On the other hand, 

westerly winds give more complex and diverse results due to the interactions of the 

turbulences created by building and those created by vegetation.   

Placing large trees only on the leeward side of a street canyon seems to generally result in 

higher concentrations compared to a placement on the opposite side (Figure 20 and 21). 

Differences accentuate with wind direction perpendicular and parallel to the street canyon, 

where concentration increases over 70% are observed.  

Green walls generate a worsening of air quality up to 20% on the western side of the 

canyons when they are crossed by westerly and southerly winds. This is probably due to the 

speed decrease of the wind hitting the vegetation walls. Finally, the result of the simulation 

with trees during winter season gave similar diffusion patterns as for the in-leaf-season but 

slightly milder percentage differences.  

Cross sections of the street canyon are useful to understand the wind dynamics resulting 

from a dominant westerly wind direction and search explanations for vegetation effects on 

emission concentrations. Figure 19 shows the different wind patterns and speed resulting 

Figure 19. Cross sections (see red line in Figure 16) of the street canyon representing wind patterns and wind speed in SV3 
and SV7. Results represent a meteorological case with wind speed of 2.5 m/s and direction of 270°.  
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from large trees of the same size simulating the in-leaf season and the winter season with 

bare crowns. Although the pattern of the internal vortex does not variate essentially in the 

two scenarios, it is anyhow possible to notice that in the large trees scenario (SV3) wind 

speeds on upwind part of the canyon are lower than those in the large trees scenario during 

winter (SV7). The higher LAD of the crowns acts as a more efficient wind damper, as the 

bigger dark-green area in the left map suggests. Higher LAD means also less wind 

penetrability and hence more channeling of the wind during the summer. Winter trees 

conditions allow the wind to pass through more easily and create higher turbulence.  Despite 

wind velocity is higher in the vortex of the winter trees scenario, the leeward sidewalk in the 

winter scenario (SV7) is interested by lower wind speed which could be the reason for a 

worse air mixing and dispersion. 

The same section of the canyon is represented in Figure 20 revealing wind patterns and 

velocity resulting from simulation with trees avenues on the leeward and the windward side 

of the canyon. In these maps a finer scale has been used to easily individuate the effect of 

the trees on the wind. As said earlier, these two scenarios gave specular emission dispersion 

results but differed slightly in the wind profile. Wind flows resulted in the leeward trees 

scenario (SV5) seems to have slightly higher speed in the central part of the canyon vortex 

and closer to the windward walls when vegetation is absent, and the wind is mainly 

perpendicular to the street.  

 

Figure 20. Cross sections (see red line in Figure 16) of the street canyon representing wind patterns and wind speed in SV5, 
SV6. Results represent a meteorological case with wind speed of 2.5 m/s and direction of 270°. 
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  Figure 21. Cross sections (see red line in Figure 16) of the street canyons representing yearly average concentrations (left) and average 
wind speed (right) resulting for all the vegetation scenarios (SV0-SV8). Vegetation is represented by the green boxes. 
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6.3 Effects of barriers along a roadway on air quality  

Four different barriers scenarios were built to investigate the effects on dispersion of 

emissions coming from adjacent heavily trafficked roadways. It has been chosen to focus the 

analysis of the dispersion on one open area, placed between the buildings, where human 

outdoor activities could possibly take place (e.g. a park, a playground, a café or a 

kindergarten yard). Figure 22 shows that the dispersion, a consequence of the dominance of 

westerly and southern winds, is relatively uniform in the unprotected open area. 

Concentrations progressively decrease with the distance from the roadway. The same 

pattern of dispersion is 

portraited in the first of a 

series of cross sections 

presented in Figure 23,a. 

The other cross sections 

(from b to e) show the 

wind speed distributions 

and the concentrations 

resulting from the three 

different barriers 

scenario analyzed and 

for the scenario built 

with a densely built area on the leeward side of the roadway. The absence of a barrier or 

buildings on the leeward area resulted in the highest horizontal concentration distribution in 

the open area. Nothing hinders the wind to transport emissions from the source downwind.  

Map b represent the effect of a 4-meter-high solid barrier. It is clear that the vertical 

dispersion increases while the horizontal decreases, compared to the no barrier case. It is 

quite unrealistic that a noise barrier would be 3 meters wide, but the grid resolution chosen 

sat technical limits to the minimal width of objects. Such a wide barrier can act on the wind 

flow as a building and thus probably increase the vertical air mix more than as if it was 

thinner. The horizontal dispersion is probably not affected as much by the width as it is by 

the barrier height. The four-meters-high and wide hedge placed in SB2 (map c) does not seem 

to contribute so much in decreasing the horizontal dispersion of the pollutant, despite a 

minimal decrease of the wind speed in the windward open area. Emission concentrations 

Figure 22. (left) Yearly average of NOX concentration and average wind speed (right) for 
scenario without barrier (SB0). Values belong to the layer between 1 and 2 m above the 
ground. The red line indicates where cross sections are taken. 
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seem to be the same as in the scenario without barrier. SB3 outcomes presented in map d 

show that the combination of a solid barrier and high trees result in an enhanced vertical 

mixing, an increased turbulence and a significative lower wind speed. These three reasons 

stand behind the slightly less efficient dispersion observed in SB3 compared to SB1 

Again it is important to keep in mind that the results of the simulation do not take into 

account the beneficial deposition effect that vegetation can perform.   

Finally, the constructions placed on the windward side of the road decrease drastically the 

wind speed reaching the road and hence the hinder efficiently the transport of the emissions 

towards the open area upwind (map e). This scenario has the highest NOX concentrations on 

the roadways, and the downwind side of the building along it, but it results in the lowest on 

the open area upwind.   

Percentage differences between the no-barrier scenario and the other four cases give a 

better picture of the resulting air quality (Figure 24). The green areas representing the 

decreasing concentrations of the barrier scenarios are even more visible when isolating 

westerly winds. Again, it is possible to observe the negligible impact performed by the 

vegetation barrier (especially for the yearly concentrations in SB2) 

The biggest impact is generated in SB4 by the built-up area next to the road. Here the street 

level concentrations rise up to 70% while in the open area they decrease up to the 50%.  

Figure 23. Cross sections (see red line in Figure 22) of the open area yearly average concentration (left) and wind speed 
(right) of all the barrier scenarios (SB0-SB4), no barriers (a), solid barrier (b), vegetation barrier (c), combination of solid and 
vegetation barrier (d) and a densely built area on the upwind side of the roadway (e). The crosscut is taken in the middle of 
the open area.  
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A clear positive effect was generated by the placement of the solid barrier, which was 

responsible for reduction between 20 to 40%. Interestingly, when isolating southern winds, 

air quality deteriorations resulted in every scenario. This is though negligible since the actual 

concentration resulting in the original scenario was only 1 µg/m3.  

 

  

Figure 24. Percentage changes in concentration of traffic emitted NOX in an open area next to the roadway comparing the 
scenario without barriers and the four barrier scenarios (SB1-SB4). Values are calculated in the layer between 1-2 m above 
the ground from yearly concentration values (above), a meteorological case with wind speed of 2.5 m/s and direction of 
270° (center) and one with wind speed of 2.5 m/s and direction of 180° (below). 
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7. Discussion 
 

Buildings and urban morphology  

With these simulations it has been proven that an urban densification planned without 

taking into account buildings sizes and placement in relation to the dominant wind 

directions can increase significantly pollution concentration at the street level but also along 

the sidewalk. As indicated by among others P. Kastner-Klein et al. (2004), the placement of 

long buildings along narrow streets has been proven to be connected to pollutant 

concentration rises. However, when buildings are placed parallel to the main wind direction, 

dispersion is greatly enhanced. High-rise buildings, especially with uneven heights, have 

been proven to perform the best benefit to air quality thanks to the enhanced turbulent air 

mix created and to the fact that they do not block as much the wind flow. Furthermore, the 

slightly better performances provided by unevenly high multi-story structures confirm the 

results of Andy T. Chan et al. (2001) that advocate for a restraint in the use of uniformity and 

homogeneity in urban planning in order to limit the negative effects of building on pollutant 

dispersion.  

It has been shown that in street canyons, pollutant concentrations can become several times 

higher than in open areas, as described by Christen et al. (2017c). The closed block buildings 

scenario resulted in significant deteriorations of air quality in the street level due to the fact 

that such a disposition created a street canyon. Inner yards were characterized by better 

conditions thanks to the protective effect of the surrounding buildings. Interestingly, the 

scenario with the highest H/W ratio (line buildings parallel to the street SD5 with 0.76) was 

also the one with the highest NOX concentrations. This confirms the conclusion of Andy T. 

Chan et al. (2001) suggesting that wider canyons enhance more efficient pollutant diffusion. 

The results are clear indications that air quality is an important and critic part of the urban 

development for a denser and more sustainable city. Even more so, knowing that in several 

areas of Swedish biggest cities, NOX and PM concentrations are exceeding the environmental 

quality standards values. The decreasing ventilation often caused by urban densification, 

goes usually together with emissions increases since more buildings mean higher human 

activities. For this reason, it is important to plan strategically in order to optimize the 

dispersion potential.  
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When the task is improving air quality, abating emissions and enhancing dispersion are 

probably the most efficient interventions available.  

  

Vegetation 

The vegetation effects on air quality, discovered in this work, are mainly deteriorative and 

are due to vegetation hindering the air flow. Deposition onto vegetation, excluded in the 

analysis, could potentially compensate positively, but sometimes only marginally. The net 

effect can remain negative (Vos et al., 2013).  

This work, that studied the local impact of broadleaved trees canopy on the dispersion of 

NOX inside a street canyon, confirms results from Buccolieri et al. (2011) indicating that 

avenue-like trees lead to higher concentrations of pollutants at the street and side-walk level 

compared to a treeless canyon. As documented by Gromke and Ruck (2012), Salmond et al. 

(2013) and Wania et al. (2011), the presence of leaves on the trees was found to hindering 

the vertical transport of pollutant above the tree crowns and leading to accumulation. 

Similarly to the results of Vos et al. (2013), the accumulating effect was found to be 

maximized in the presence of larger and denser trees. 

Despite Gromke and Ruck (2012) discovered that an oblique wind direction (45°) could be 

the most detrimental for air quality inside urban canyons, this work results indicate that 

wind directions parallel to the street have greater negative impact compared to 

perpendicular and average wind. 

 

No deteriorating effects of bushes placed next to the road were found. This can indicate that 

the net effect resulting is in favor of deposition, outweighing plants aerodynamic effect, and 

can confirm the hypothesis that hedges are a better alternative to street canyons than trees 

put forward by Wania et al. (2011). 

In order to minimize the risk of excessively high concentrations along sidewalks and 

buildings surfaces, large covering tree crowns should be avoided in trafficked street canyons 

due to their inhibition of the upward flow. In accordance with the final considerations put 

forward by Janhäll (2015), the recommended vegetation choices should be lower and dense 

hedges or bushes, placed between the emissions sources and the areas thought for people. 
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This is in order to enhance the vertical mixing without interfering with the main wind flow 

patterns and achieve the most beneficial effects that urban vegetation can perform on air 

quality.  

 

Barriers 

Results belonging to this section of the study, compared with other studies collected in a 

review by Abhijith et al. (2017), confirmed that highly dense vegetation barriers increase the 

concentration of pollutants along the roadway by hindering the transport towards the direct 

surroundings and open areas. Solid barriers, especially combined with taller vegetation, 

appeared to be more efficient in doing that. Due to the fact that the trees lower the wind 

speed and increased the turbulence behind the barrier, pollutant accumulates closer to the 

ground instead of getting mixed with the above air.  

 

According to Hagler et al. (2011) pollutant concentrations on the windward side of the 

barrier can increase between 10 and 130%, together with a barrier height increase. Such 

increase resulted in a reduction of pollutant concentrations that reached up to 61% (Hagler 

et al., 2011) and is consistent with the results obtained in this study, which reached over 

60% decrease in some areas leeward of the barriers. In some cases, this downwind location 

may be a densely populated area. Implementing this type of barrier may thus help improving 

air quality conditions for inhabitants of such areas.   

The enhanced positive effect of a combination of solid and porous barriers on air quality, 

analyzed by Baldauf et al. (2008) and Bowker et al. (2007), has not been confirmed by the 

results of this work, which indicate solid barriers to be slightly more efficient when not 

combined with vegetation. As mentioned earlier, this has to be interpreted considering the 

absence of the potential deposition mitigation.  

 

The scenario without barriers, but with a densely built-up area placed in the leeward side of 

the road blocked most efficiently the horizontal air mixing by hindering the wind flow in the 

open area. 
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8. Conclusion 
In this work it was shown that urban canopy (buildings and trees) have complex, and highly 

spatially dependent, effects on air pollutants dispersion. Large possibilities to improve urban 

air quality were found by optimizing the use of vegetation, buildings and barrier in order to 

reach the best dispersion.  

It is important to consider that traffic emissions are not removed but only transported 

elsewhere and then diluted. A case-by-case solution approach is recommended to be used 

based on the analysis of the dominant wind directions effects on dispersion.  

The results of this work are indication coming from simulations, rather than absolute 

conclusions. 

  

When considering the effect of buildings and urban morphology on air quality, it is possible 

to draw the following conclusions: 

• Differences up to 50% in concentration when changing the line buildings position 

related to the street.  

• Buildings that were parallel to the main wind direction were shown to be most 

beneficial with respect to air quality.  

• High-rise buildings gave positive results since they do not hinder air flow, allow 

dispersion and enhance turbulence.  

• Closed block buildings generally caused air quality deterioration in the street 

canyons created, but also protected inner yards from dispersion of traffic emissions.  

 

The results coming from the vegetation scenarios allows the following conclusions:  

• Vegetation effects are mainly negative without accounting for deposition (model 

limitations). 

• Vegetation placed in a relatively narrow street canyon generally decreased air mixing 

and wind speed. This deteriorates air quality.  

• Street trees decrease vertical mixing but increase horizontal. This generally decreases 

the air pollutions concentrations in the driving lanes but increases those in the 
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sidewalks. The negative effects are more severe with wind directions parallel to the 

street. 

• Large trees resulted in increases up to 40% in concentration on the sidewalks.  

 

The results of the simulations performed in the barrier scenarios can be summarized in the 

following points: 

• Barriers around motorways can have a strong impact on the surrounding areas.  

• Solid barriers achieved the highest concentration decreasing, up to 20% in a nearby 

open area compared to porous barriers.   

• The combination between solid barrier and large trees surprisingly resulted in a 

slightly smaller concentration decrease compared to the solid barrier alone.   

• Placement of high and dense constructions on the other side of the road decreased 

the air flow which resulted in higher concentration at the street level but lower in the 

open area.  

 

The results of this work can be summarized with the following recommendations:  

• Buildings should not block the main wind flow nor create narrow street canyons. 

• Next-road hedges and bushes must be preferred to trees. 

• Solid barriers hinder dispersion with great efficiency (width 3 m and height 4 m). 

There are several potential sources of error in the calculations performed. As mentioned, the 

model does not account for pollutant deposition onto vegetation. The only calculated effect 

of vegetation is the alteration of the wind. Furthermore, vegetation is much more complex 

in the reality than in the virtual three-dimensional model. Roofs and buildings shapes have 

been simplified to elementary geometric figures. The model does not take into account the 

atmospheric chemical transformations of the pollutants nor the effects on dispersion of 

atmospheric inversion.  
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