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The impact of trees on street ventilation, NO, and PM, 5 concentrations

across heights in Marylebone Rd street canyon, central London

Abstract

This paper assesses the effects of trees (Platanus x hispanica) of different leaf area density on
ventilation, NO, and PM, 5 concentrations across heights in Marylebone Rd street canyon in
London (UK). Computational Fluid Dynamics steady state simulations are performed with
OpenFOAM. The ventilation is evaluated through flow patterns and the analysis of the impact
of trees on wind speed, turbulence kinetic energy, flow rates, mean and turbulent pollutant
exchanges.. Results show that the effects of trees are local. For parallel winds planting new
trees is positive since flow channelling and turbulence distribute the pollutant over the height
which is removed by both mean flow and turbulent fluctuations through the roof. Both areas
close and far from the trees within the road have a beneficial effect, with pedestrian average
concentration reductions up to 18% due to aerodynamic effects. For perpendicular winds
recirculation zones diminish the dispersion of pollutants and the introduction of trees has an
additional negative effect with local average concentration increase up to 108% close to trees.
Overall, the positive deposition effects are larger for increased LAD and for perpendicular

winds may counterbalance the negative aerodynamic effects at locations close to trees.
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1. Introduction

Urban vegetation affects flow and pollutant dispersion in several ways. Apart from
ecosystem services such as micro-climate regulation, carbon sequestration, rainwater
drainage, noise reduction, psychological and recreational values (see recent reviews by
Gallagher et al., 2015; Janhéll, 2015; Salmond et al., 2016; Grote et al., 2016; Abhijith et al.,
2017), urban vegetation, especially trees, may reduce the air exchange between the street and
the atmosphere leading to increased concentrations below tree crowns (Gromke and Ruck,
2012). Plants may also release VOC (volatile organic compounds, precursor of the ozone),
allergens and other pollutants, leading to changes to photochemistry and increased pollutant
levels. On the other hand, leaves provide surfaces for removing pollutants through wet and
dry deposition, adsorption and absorption. Local decreases of temperatures (Wang and
Akbari, 2016; Kong et al., 2017) may modify the rate of chemical reactions, leading to
decreased ozone concentrations (Salmond et al., 2016; Grote et al., 2016).

At local scale, it is still an open issue if the effect of trees is beneficial or not for local
air quality. Field (e.g. Di Sabatino et al., 2015; Chen et al., 2015; Tong et al., 2015; Chen et
al., 2016) and wind tunnel (e.g. Gromke and Ruck, 2012; Gromke et al., 2016) tests, as well
as Computational Fluid Dynamics (CFD) studies (e.g. Gromke and Blocken 2015; Hong et
al., 2017; Jeanjean et al., 2016, 2017; Selmi et al., 2016; Santiago et al., 2017a,b; Xue and Li,
2017) suggest that urban vegetation cannot be used as a general mitigation measure of urban
air quality problems. Local effects should be analysed for each particular case by evaluating
several interacting factors, such as predominant meteorology, building morphology and
types/arrangements of trees. This has still prevented the development of general guidelines for
planting trees in the urban environment (Gallagher et al., 2015).

Among the modelling studies, both aerodynamic and deposition effects of trees were
considered within idealized and real scenarios. Aerodynamic effects were found to be more
important than deposition for particulate matter (PM), even though the deposition effects have
been found to be crucial depending on wind direction and deposition velocity (Vos et al.,
2013; Jeanjean et al., 2016, 2017; Santiago et al., 2017a; Xue and Li, 2017).

Within this context, the impact of trees on flow, turbulence, ventilation conditions and
nitrogen oxides (NOy) and particulate matter (PM,5) concentrations is analysed in a real
scenario. Modelling simulations were performed by the Computational Fluid Dynamics
(CFD) code OpenFOAM equipped with a Reynolds-Averaged Navier-Stokes (RANS)
closure. Different from previous studies in the city of Leicester using the same modelling

approach (see Jeanjean et al., 2015, 2016), here a different real neighbourhood is considered,
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i.e. Marylebone in central London (UK). The starting point is the previous study performed
by some of the authors (Jeanjean et al., 2017) who analysed the concentration levels under
several meteorological conditions (wind speed and directions) and leaf area densities (LAD)
of trees in the road. The innovation here is to perform new analyses by employing methods
published in the literature to evaluate flow, turbulence and ventilation for this study area
which is one of the busiest roads in London and where the British government has to face

critical air pollution episodes.

2. Description of the study site and trees characteristics

Marylebone is located in the inner-city of central London (UK). It is characterised by
major streets (such as Marylebone Rd), with smaller avenues between them. Marylebone Rd
has an aspect ratio (height of buildings / width of the street) approximately equal to one
(Nikolova et al., 2016). To build the 3-dimensional study site into the CFD model, buildings
and roads, as well as trees located in the area, were collected.

Data for buildings and roads were taken from the topography and building height
layers of Ordnance Survey, the UK Government mapping agency (OS, 2016). Along
Marylebone Rd (up to 20 m away from the road), the maximum recorded building height is
33 m with a 17 m mean (standard deviation of 8 m). Across the whole modelling area (see
Fig. 1), the maximum recorded building height is 63 m with a 12 m mean (standard deviation
of 7 m). As the building layer includes small features such as bus stops or small objects, the
minimum building heights is equal or below 1 m in both cases.

As for trees, the National Tree Map™ (NTM) Crown Polygon produced by Bluesky
International Ltd was employed to represent single trees or closely grouped tree crowns
(Bluesky, 2016). Being deciduous trees predominant in London (80.3 %) with respect to
coniferous trees (19.7 %) (Forestry-Commission, 2013), only deciduous trees were explicitly
modelled. The Platanus x hispanica, called “London plane”, is the species mainly present in
Marylebone Rd. Trees and bushes higher than 3 m were considered. A base height of 1/3 of
the canopy depth was assumed (e.g. Gromke and Blocken, 2015). In the Marylebone Rd the
mean height of tree crown top is 17 m and that of crown bottom is 5.7 m. The maximum
canopy top height recorded in the street is of 29 m.

An overview of the study area is shown in Fig. 1. The greater number of trees is

located in the Regent’s park in the North East of the modelled area.

[Figure 1 about here]
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3. Air quality and meteorology
3.1 Traffic data

Road emissions of NO, and PM, 5 for the average London vehicle fleet profile in the
study area were estimated from Annual Average Daily Flows (AADF), Department for
Transport (DfT, 2016). In addition to vehicle number, the DFT traffic counts provide the
spread of traffic between cars, buses, motorcycles, buses and HGV which were then fed into
the DEFRA (Department for Environment, Food & Rural Affairs) Emissions Factors Toolkit
(version 6.0.2) to calculate NOx and PM, 5 emissions (DEFRA, 2016). The traffic speed was
set to the road speed limit of 30 mph, which provides a constant rate of emissions across
Marylebone Rd. This means that the emissions used in this study are average across the whole
street. Final emissions data are shown in Table 1 (see Jeanjean et al., 2017 for full details

about their calculations).

[Table 1 about here]

3.2 Air quality analysis

Marylebone Rd is characterized by the passage of more than 80,000 vehicles per day,
which usually lead to high pollution situations (Crosby et al., 2014). Fig. 2 shows monthly
mean of NO, and PM,s concentrations in 2014 obtained from the monitoring station
(Automatic Urban and Rural Network, AURN) located within the road. The annual mean
value of NO, is 330 pg m3, with a proportion of an annual mean of 94 pg m= for NO, well
above the European threshold of 40 ug m=. Hourly NO, pollutant concentrations are in fact
regularly above 200 pg m= hourly threshold more than 35 times a year (Charron et al., 2007).
PM, 5 annual mean value was 18 ug m= in 2014, which is under the 25 pg m- annual mean

European regulation.

[Figure 2 about here]

NO, concentrations in Marylebone Rd have decreased by 1 to 6 % annually between
2010 and 2014, whereas NOy concentrations have increased by 5% per year during the same
period, showing that the introduction of new technologies or traffic conditions affected NOy
and NO; in a different way (Font, 2015). In the wider City of London, meeting the annual

mean value of 40 ug m=3 for NO, remains a challenge. PM, 5 concentrations have decreased in
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Marylebone Rd between 2010 and 2014 by around 1% per year, similar trend in PM;;

concentrations decrease was observed for the other London monitoring stations (Font, 2015).

3.3 Meteorological analysis

Wind data used here refer to the year 2014 and were taken from the London City
Airport weather station (EGLC, available at https://www.wunderground.com), which is about
15 km far (on the west side) of the study area. The temporal resolution of the data was 30 min
and the wind direction accuracy was 10°. The average wind speed was equal to 4.3 m s*! and
the prevalent wind direction was South-West. The prevailing South-West wind directions in
London are found to be consistent over the years, as shown by the 2013 and 2015 wind roses

(Fig. 3). The annual mean wind speed was also similar in 2013 (4.2 m s*') and 2015 (4.7 m s
h.

[Figure 3 about here]

4. Description of the cases and parameters investigated
4.1 Summary of previous analyses

The starting point of the present paper is the concentration analyses performed in the
same area by Jeanjean et al. (2017). They evaluated aerodynamic and deposition effects of
trees on NO, and PM, 5 concentrations at the monitoring station (AURN) positioned close to a
group of trees in the Marylebone Rd and at pedestrian level. Results of their study are
summarized below:
- at the monitoring station trees led to concentration increases of 7% in spring/autumn and
7.5% in summer (on average for the typical wind speed of 5 m s! and under several wind
directions, i.e. perpendicular, parallel and oblique, in 2014). The aerodynamic effects were
thus found to be similar during the seasons and deposition effects were 4 times lower. The
calculation of aerodynamic effects corresponded to the difference between an empty street
canyon (baseline scenario) and a street canyon filled with trees. The second scenario was
modelled to account for the addition of trees which modify the flow (Eq. 13) and have
therefore impacts on the dispersion of pollutants. For the calculation of deposition, a third
scenario is run by modelling a sink term in the trees crown areas in addition to their
aerodynamic effects (Eq. 14). The deposition effects of trees were then calculated as the
difference between the second and third scenario. Note that all these calculations were made

at a single wind direction and wind speed (specific wind condition). More deposition was
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found in summer than in spring and autumn due to a larger LAD. However, for winds parallel
to Marylebone Rd, the aerodynamic effects decreased street concentrations and the
effectiveness in altering concentrations was greater at lower wind speeds since little turbulent
dispersion occurred due to inhibited mixing (aerodynamic effects), and more time was left for
the suspended particles to deposit on leaves (deposition effect);

- instead, the effect of trees averaged over the pedestrian level for several wind directions was
positive, with a 0.7% reduction of concentrations due to aerodynamic effects in summer, and
an additional 4.6% reduction via deposition. This reduction was due to prevailing winds
parallel to the street canyon which produced strong decrease, even though other wind
directions produced increased concentrations. This shows that results found for the whole
street are different from those found for a single point (monitoring station), confirming that

any evaluation of the effects of trees should be done case by case.

4.2 Extension of the analysis to flow, turbulence and ventilation

Here the work is extended by assessing the effects of trees on mean flow, turbulence
and ventilation. Specifically:

- concentrations, already analysed in Jeanjean et al. (2017) in terms of mean values within
the whole Marylebone Rd., as well as velocity and turbulence, are here re-analysed across
heights in the road and at specific hotspots. This will allow us to gain information at
several positions, far and close to group of trees, and at several floor heights;

- the ventilation is analysed by flow rate and pollutant fluxes due to mean flow and
turbulent fluctuations to clarify the relative contribution of mean flow and turbulence on
pollutant exchange.

Two wind speeds are considered, i.e. 3 m s and 5 m s7, the first leading to the greater
effects of trees on pollutant concentrations, the latter being the average speed in 2014. As for
wind directions, two parallel (60° and 240°) and two perpendicular (180° and 330°) directions
are chosen, the parallel directions leading to strongest beneficial reduction of concentrations
in the canyon (best scenarios), the perpendicular directions leading to strongest increase
(worst scenarios). Leaf-free trees (typical of winter season, referred to as empty street or CB),
trees with half-grown leaves (spring/autumn, referred to as CT1) and trees with fully grown
leaves (summer, referred to as CT2) are investigated. Please note that CT1 and CT2
considered trees with different LAD and thus porosity (see Subsection 4.2 for details). The

cases investigated are summarized in Table 2.
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[Table 2 about here]

The ventilation across the Marylebone Rd is evaluated by calculating flow rates and
mean and turbulent pollutant fluxes through the road openings. Flow rates are calculated as

follows (Buccolieri et al., 2010; 2015):

q=J ,(Vn)da (m®s) (1)

where V is the velocity vector and n is the normal unit vector to street opening of area (4)
(which corresponds to the empty space between two adjacent buildings; alternatively, lateral
ends and top roof of the road) . The flow rate is defined positive for air entering the street,
negative for air leaving the street. The vertical flow rate is indicated by an arrow at the centre
of the road. As an example, Fig. 4 shows the areas used for calculating flow rates and the
nomenclature employed (subsection 5.1). Note that flow rates through empty spaces between
adjacent buildings (“buildings empty spaces” hereinafter) have not been directly calculated
due to the difficulty in defining such areas, however an estimation has been done since the
sum of all flow rates through all the street openings (i.e. the sum of air entering and leaving

the road) has to be null.
[Figure 4 about here]
At street openings both mean flows and turbulent fluctuations are calculated as they

may contribute to pollutant dispersion. The pollutant fluxes due to mean flow (F,) and

turbulent fluctuations (F7) are defined as (Fernando, 2012; Hang et al., 2012):

Fo=Wm)CklD)  (mgs'm?) )
aC(k,D)
Fe= -K:, (mgs'm?) (3)

where C(k,l) (mg m?) is the scalar concentration of the grid cell at the & and / locations of the
street opening area and K. (m? s!) is the turbulent diffusivity of pollutant. The spatially-

averaged pollutant fluxes at street openings due to mean flow (FA,) and turbulent
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fluctuations (FA;) are:

FAy=JI FndA (mgs") 4)
FA.=J[ F.dA (mgs™) (5)

The pollutant flux is defined positive for pollutant entering the street and negative for
pollutant leaving the street.

Finally, to evaluate the impact of trees across heights, flow, turbulence and
concentration are further evaluated through the analysis of profiles and contours of
concentration C* (mg m=), mean velocity U (m s™!), its vertical component Uz (m s!) (or

vertical velocity) and turbulent kinetic energy TKE (m? s2) for the cases tree vs tree-free as

follows:

ACHe) = z:ij[cm,,e (i,j,z)]C(; ([ZC)t W9 100 (%) )
AUE) =2, Utree (ij2)] - Unotree (1j,2)] (ms™) (7)
AUz(2) = X, (Uztree (i2)] - UZnotree (1j,2)] (ms™) ®)
ATKE(z) = X, [TKE ree (1.2)] - TKEnotree (i,j.2)] (m*s?) ©)

where z is the height (m), Cy(z) is the averaged scalar concentration of the tree-free case at
z=1 m (mg m>) in the canyon, [Cy..(i,/.z)] is the scalar concentration of the grid cell at the i
and j locations in the canyon for the case with trees (similar for U, Uz and TKE) and
[Chorree(i,j,z)] 1s the scalar concentration of the grid cell for the tree-free case. The sum over
the i and j corresponds to a sum of points sampled on a regular 2 x 2 m across the whole
Marylebone Rd canyon (see Fig. 6 and Fig. 10) using an interpolation scheme for point values
(“pointMVC” Mean Value Coordinates). Vertical profiles of the above parameters are
presented to evaluate the global influence of trees by averaging over the whole Marylebone
Rd (subsection 5.2). Urban background concentrations were added to Cj to account for other
sources than local road emission. The urban background was calculated depending on the

season and wind directions (see Jeanjean et al., 2017).

5. CFD modelling

The specification of CFD simulations set-up used in this work is presented in Jeanjean
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et al., 2017. Here further details of the area and trees are provided.

5.1 Flow and pollutant modelling set-up

Steady-state incompressible isothermal simulations were performed using the CFD
code OpenFOAM (Open Field Operation and Manipulation), an open source software
platform (www.openfoam.com), with the RANS standard k-¢ closure model (Launder and
Spalding, 1974). Governing equations were discretized with second order upwind scheme.
Mesh and computational domain were chosen based on best practice guidelines. Specifically,
lateral boundaries of the domain were placed about 15 Hmax (Hmax=63 m) far from the
study area, while the top was 8 Hmax. The mesh was made of about 4 million hexahedral
cells, with a minimum cell size of 0.5 m in the vertical direction close to the ground and 1.25
m along the X and Y axis for buildings, trees and roads. More than 10 cells were present
across the main street canyon. The expansion ratio between two consecutive cells in the

regions of high gradient was kept below 1.3 (Fig. 5).

[Figure 5 about here]

Single inlet and outlet conditions were used, while the top of the domain was a

symmetry plane. At the inlet, the mean velocity, the turbulent kinetic energy (TKE) and the

turbulent dissipation rate (¢) were set as follows:

U= uK* ln(z :OZO) (msT) (10)
TKE = jciu (m2s?2) (11)
e=- _§Z(1 -3) (2 s?) (12)

where U is the fluid velocity (ms™), u, the frictional velocity (ms'), x the von Karman
constant, z the vertical coordinate (m), 0 the boundary layer depth (m) and z, the surface
roughness (m). The atmospheric boundary layer was set to reach the wind speed at a height of
10 m to match wind measurement, using z, = 0.10 m which corresponds to sparse, large
obstacles. As for gaseous pollutant dispersion modelling set-up, the advection diffusion (AD)
module was used with a turbulent Schmidt number Sc, of 0.5 (Jeanjean et al., 2017). The

source was placed at ground level and corresponded to the road cells up to 1.5 m height.
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Emissions rates are those summarized in subsection 3.1.
The residual convergence of 10 was set for the flow field variables, 10 for the

pressure and 10-¢ for the scalar dispersion (pollutant).

5.2 Modelling the effects of trees

Both aerodynamic and deposition effects of trees were modelled. A sink of
momentum has been considered to model the aerodynamics effects, i.e. trees were modelled
following Green (1992) and Liu et al. (1996) by adding the sink (S) variable to the cells

occupied by the trees:
1
S == cqLAD(GGpUu;) (Pam™) (13)

where C,; = 0.25 is the sectional drag for vegetation (dimensionless), LAD is the Leaf Area
Density (m?m-3), u; is the appropriate wind velocity component (m s™!), U is the wind speed
(m s). For the summer season, an average LAD of 1.6 m?> m™ was set (Di Sabatino et al.,
2015). In spring and autumn (growth and fall of leaves, respectively), the LAD was set to 1.06
m’m>. Finally, in winter the LAD was 0 m?m™.

In the literature, aerodynamic effects have been also parametrized by adding source
and sink terms in turbulence kinetic energy and turbulence dissipation energy equations (e.g.
Amorim et al. 2013; Santiago et al. 2013; Gromke and Blocken 2015; Krayenhoff et al. 2015;
Santiago et al., 2017a,b,c). There are few studies comparing the different parameterizations
(see Buccolieri et al., 2018 for a review). For example, Santiago et al. (2017a) using
parameterizations of turbulent kinetic energy and dissipation sink/source terms for vegetation
did not obtained much better fit of experimental concentrations than using only the sink of
momentum. On the other hand, validation exercises using CODASC wind-tunnel experiments
(Gromke et al., 2008; Buccolieri et al., 2011; Jeanjean et al., 2015) have modelled the
vegetation only taking into account the sink of momentum and applying RANS models,
obtaining a good agreement with measured concentrations. These exercises include also the
same OpenFOAM model employed here (Jeanjean et al., 2015), which has been further
validated against NOx and PM,s concentrations obtained from a monitoring station in
Marylebone Rd (Jeanjean et al., 2017) and which constitutes the starting point of the present

paper (see subsection 3.4).

As for the deposition effects of trees, the following change in particle concentration
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via deposition (4C) has been added as sink term to take into account the deposition of PM; s

on trees (Vranckx et al., 2015):

AC=Cy -LAD -V, (gm3s™) (14)

where Cj is the initial particle concentration (g m-) and ¥, is the deposition velocity (m s!)
taken equal to 0.64 cm s! (Pugh et al., 2012).

It should be noted that Eq. (14) works for homogenous vegetation surfaces which is
not the fulfilled in real situations. Strictly speaking, leaves are aligned in different orientation
to the wind flows which is not included in the above parameterization. However, this is a
challenge in CFD models and currently not feasible to model individual leaves which would
require a model resolution of much less than 1 m. Further, this would imply the evaluation of
each single tree of the street under different seasons which is also impracticable. For these
reasons an average deposition velocity is used to model the whole crown area. The scientific
community is moving towards a better representation of vegetation in CFD models (e.g. see
the case studies of different density of leaves across the canopy in Hofman et al., 2016) as
well as in wind tunnel experiments. The full variability of the real world cannot be taken into
consideration in steady state CFD models, thus some assumptions are made based on the
purpose of the study. Eq. 14 can then be seen as an average sink term of the trees on PM; s
over the whole crown area, which has been applied in several studies (e.g. Vranckx et al.,
2015). The validation made in the previous paper (Jeanjean et al., 2017) against monitored
data provide us with a certain confidence about the accuracy of the employed CFD set-up.
Thus, here the intention is to show what happens on average in the street and provide some

insights on the main mechanisms behind the concentration results presented in the previous

paper.

5.3 Consideration on the employed turbulence model and validation

Here the RANS standard £-¢ model has been employed. It is known that Large Eddy
Simulations (LES) perform better in predicting turbulence than RANS models (Liu et al.,
2015). While there are still challenges to their applications (computational time, wall
boundary conditions, appropriate time-dependent inlet), steady RANS approaches have been
shown to successfully predict the spatial distribution of mean velocity and concentration
fields. RANS models are in fact still widely used to investigate the main feature charactering

the mechanics of ventilation of street canyons and urban canopies, as recently done in the
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comprehensive MUST CFD-evaluation exercise within COST Action 732 (Di Sabatino et al.,
2011).

Among RANS, several RANS models exist and have been employed with success in
idealized and complex scenarios (Tominaga and Stathopoulos, 2009). Here the same CFD
OpenFOAM-£-¢ model used in previous studies (Jeanjean et al., 2015, 2016, 2017) has been
employed, which makes use of the standard k-¢ turbulence model. The intention here is in fact
to make a further step of employing such methodology to explore the impact of trees on
concentrations found in Jeanjean et al. (2017) in the same area by analysing the influence on
flow, turbulence and ventilation conditions.

Literature studies found that the differences of the results between the standard k-¢ and
the modified k-¢ models are rather small for dispersion in street canyons and building
complexes, where turbulence produced by surrounding buildings is dominant (Tominaga and
Stathopoulos, 2013) as happens in the present case. To further gain confidence, Jeanjean et al.
(2015) and Vranckx et al. (2015) validated the OpenFOAM k-¢ model used here against the
CODASC wind tunnel database for flow and pollutant dispersion within an idealized street
canyon with and without trees. Finally, CFD simulations employed here have been validated
against monitored data in the Marylebone Rd (Jeanjean et al., 2017).

For these reasons, we are confident that the results are accurate enough to explore in

detail the spatial flow and concentration distribution and the ventilations conditions.

6. Results and discussion

The primary focus is on flow patterns and street ventilation across Marylebone Rd
through the analysis of flow rates and pollutant fluxes (Egs. 1-2) and contours of velocity.
Then, vertical profiles of concentration, mean velocity, vertical velocity and TKE (Egs. 3-6)
are shown to evaluate the differences trees vs no trees for both the whole depth of the road

and at specific hotspots.

6.1 Flow patterns and ventilation over the whole Marylebone Rd

To analyse the influence of trees on street ventilation, Fig. 6 shows zoomed sketches
of flow entering and leaving the road, as calculated through flow rates shown in Table 3 for
the wind speed of 3 m s°!, as well as contours coloured by the vertical velocity Uz. Results for
the wind speed of 5 m s! have similar behaviours. We remind here that a negative flow rate

indicates air leaving Marylebone Rd, while a positive value indicates air entering the street.
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[Figure 6 about here]
[Table 3 about here]

To quantitatively analyse the impact, Fig. 7 further shows:

®  [(Ginterct — GintercB) X 100/qinierc] (%0), “Qinier tree impact” hereinafter, where giuecr is the
total (positive) flow rate at inlets in CT1 and CT2 cases and g;u.«cp is the total (positive)
flow rate at inlets in the CB case (i.e. air entering the street). This allows to evaluate the
percentage reduction of air entering the street due to the presence of trees (Fig. 7a);

®  [(Groof/Ginter) X 100] (%), “g roof/inlet” hereinafter, where g.0r is the absolute value of the
flow rate at top street roof and ¢, is the total flow rate at inlets. This allows to evaluate
the amount of air exiting through the street roof with respect to total air entering the street
(Fig. 7b);

®  [(Qdown/Gintet) X 100] (%), “g down/inlet, where gqown 1S the absolute value of the flow rate
at the downstream end of the street. This allows to evaluate the amount of air exiting

through the downstream end with respect to total air entering the street (Fig. 7b).

[Figure 7 about here]

Finally, to further evaluate the relative contribution of mean flow and turbulent
fluctuations on pollutant exchanges trough the street openings, Table 4 shows the PM;

pollutant fluxes (without deposition) and wind speed of 3 m s°!.

[Table 4 about here]

Figs. 6, 7 and Tables 3,4 show that the ventilation pattern is similar with and without
trees, i.e. the air enters or exits the Marylebone Rd similarly for all the cases investigated (CB,
CT1 and CT2). However, significant differences are found between parallel and perpendicular

approaching winds as discussed below.

6.1.1 Parallel winds

For WD=60° and WD=240° the air enters the street through the upstream end and the
buildings empty spaces, while it exits through the downstream end (see Fig. 4 for the
nomenclature) and the top roof (Fig. 6a,b). In the presence of trees, “g;..; tree impact” is

negative, i.e. the ventilation at the street inlet is reduced up to 33% (CT2) for WD=60° and
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23% (CT2) for WD=240° with respect to CB, since there is less air entering the street due to
the blocking effects of trees which partially act as impermeable obstacles making the air
rising above the upstream buildings. As expected, such blocking effect is slightly larger for
CT2 than CT1 as trees are less porous and for WD=60° since more trees are located at the
East end (blocking the street entrance) than at the West end (Fig. 7a).

By looking at “q roof/inlet” and “q down/inlet” shown in Fig. 7b, it can be argued that
“g roof/inlet” increases from 69%-79% for CB (for WD=60° and 240°, respectively) to 82%-
89% for CT2 (i.e. the air exits through the roof with respect to that entering through the inlet
is larger in the presence of trees than in the empty street), while “q down/inlet” decreases
from 31%-21% for CB (for WD=60° and 240°, respectively) to 18%-11% for CT2 (i.e. the air
exits the street through the downstream end with respect to that entering through the inlet is
lower in the presence of trees than in the empty street).

By looking at Table 4, it can be seen that mean flow across the downstream end
slightly help pollutant removal and, as expected from flow rates, its effect becomes smaller in
the presence of trees, with a reduction of mean pollutant exchange up to 71% with respect of
the tree-free case. The major fraction of pollutant is removed out by both mean flow (FAm)
and turbulent fluctuations (FAt) through the top roof, and the total roof exchange (by mean
flow and turbulent fluctuations) increases in the presence of trees. The reason is that the air is
blocked and forced to be vertically transported to the roof level where pollutant is removed by
vertical mean flow and vertical turbulent diffusion. Further, in the presence of trees, the
turbulent exchange becomes up to about 60% larger than the empty case and constitute the

main mechanism for the removal of pollutants.

6.1.2 Perpendicular winds

For WD=330°, the air enters through the West and East ends and exits through the top
roof. It is likely that the wind enters through the upstream buildings empty spaces and exits
through the downstream ones (Fig. 6d). On the other hand, for WD=180°, being not exactly
perpendicular (but oblique) to the road axis, the air enters through the West end and exits
through the East as expected from the channelling of the flow along the road (Fig. 6¢).

The channelling for WD=180° is qualitatively similar to parallel wind cases and thus
“qinies tree impact” is negative, i.e. the ventilation at the street inlet is reduced up to 23% for
CT2 with respect to CB, with low downstream exchange (i.e. the ventilation at the street
outlet ¢ down/inlet decreases from 11% for CB to 6% for CT2) and almost full roof exchange

(i.e. “g roof/inlet” increases from 89% for CB to 94% for CT2). Note that for WD=180° the
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flow rate ¢ at buildings empty spaces can be considered positive (entering air) at both street
sides (in analogy with flow patterns for parallel approaching winds) and thus ¢ roof/inlet and
q down/inlet have been calculated, while for WD=330° it was not possible to guess if flow
rates at both sides of buildings empty spaces were positive or negative. From Fig. 7a it can be
argued that the slightly positive “g;,., tree impact” (6%) is due to the interaction with trees
located within the Marylebone since now air is entering the road through the minor streets.

By looking at Table 4, it can be seen that for WD=180° the major fraction of pollutant
is removed out by both mean flow through the top roof. In the presence of trees, the turbulent
exchanges increase up to 32% with respect to the tree-free case, but still remain less important
than the mean exchange. As expected from flow rates, this behaviour is similar to the parallel
winds, but the turbulent exchange is less important since the channelling flow is characterized
by lower wind velocities along the street where the removal is thus dominated by mean flow.
On the other hand, for WD=330° the pollutant removal is expected to occur across the
downstream building empty spaces in the empty case, while the turbulent exchange through
the roof becomes more important in the presence of trees (more than doubled with respect to
the empty case) due to their blocking effect.

To summarize, in the presence of trees it is expected that the air exchange through the
street roof is more important and constitutes the main mechanism for removing pollutants
rather than the exchange through the ends of the street. This is most important under
perpendicular winds, since parallel winds promote also the exchange through the downstream

end due to the channelling of flow along the street.

6.2 Velocity, turbulence and concentration profiles over the whole Marylebone Rd

To explore the changes of concentration along the depth and height of the street,
which is crucial for exposure of people living at highest floors, vertical profiles of
horizontally-averaged values of AC* (for PM, s) are shown in Fig. 8 for the wind speed of 3 m
s'l. Horizontally-averaged values are calculated at 6 different heights (horizontal planes z=1,
1.5, 5, 10, 15 and 20 m). Table 5 reports on the mean (averaged over all the depth of the
canyon), the pedestrian (at z=1.5 m) and top (at z=20 m) values of 4C*. With a mean building
height of 17 m, the chosen heights permit the exploration of changes in concentration with
height up to above the mean street roof. Further, the mean height of tree crown top inside the
canyon is 17 m and that of crown bottom is 5.7 m, which allows the evaluation of flow
patterns below and above tree crowns. Similar results were found for the approaching wind of

5 m s! (not shown here), but with slightly lower effects.
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In general, as found at pedestrian level by Jeanjean et al. (2017), independently from
LAD (i.e. CT1 and CT2), Fig. 8a shows that the aerodynamic effects of trees lead to mean
concentration decreases under parallel winds WD=60° and 240° (4C*=-8% and -3-4%,
respectively) and increase under perpendicular winds WD=180° and 330° (4C*=32-36% and
6-8%, respectively) (Table 5). Note that the aerodynamic effects are similar for both PM, 5
and NOy since the only difference was the road emissions and the effect of deposition which
occurred only for PM, s.

As mentioned in Ghasemian et al. (2017) increased LAD has an impact on both
aerodynamic and deposition effects and can either lead to improve or deteriorate the air
quality. Accordingly, here we found that larger LAD leads to larger aerodynamic effects, but
LAD mostly affects the deposition by enhancing the deposition flux, especially for
perpendicular winds (Fig. 8b). Specifically, the combined aerodynamic and deposition effects
leads to mean AC* equal to 31% (WD=180°) and -5% (WD=330°) (Table 5). It can be noted
that for WD=330° mean 4C* from 8% under aerodynamics effects becomes -5% under the

combined effects, suggesting the predominance of deposition over aerodynamic.

[Figure 8 about here]
[Table 5 about here]

To analyse in detail the mechanisms responsible of these concentration changes, Fig. 9
shows vertical profiles of horizontally-averaged values of AU, 4Uz and ATKE. Results are
analysed for perpendicular and parallel winds in conjunction with ventilation analysis

discussed in subsection 5.1.

[Figure 9 about here]

6.2.1 Parallel winds

Less air entering the street in the presence of trees, as shown by flow rates in Fig. 7a,
does not necessarily mean that the effect of trees on pollutant dispersion is negative. In fact, in
general positive effects of trees are found with concentration reductions for both CT1 and
CT2 with respect to CB (Fig. 8 and Table 5).

The greater (positive) aerodynamic effects of trees on concentration occur at smaller
heights (i.e. below and within crowns) (Fig. 8a), with a pedestrian percentage reduction (4C*

< 0) up to -16% (Table 5). We remind here that the maximum canopy top height inside the
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canyon is of 29 m, which justifies the reduction velocity also up at 20 m. However, even
though trees have a large influence on flow (in terms of decreasing mean velocity U) (Fig.
9a), since the average vertical velocity Uz is positive (see Fig. 6) for all the cases investigated
at all heights, pollutant emitted at ground level is vertically transported above the street roof.
The concentration decrease can thus be explained by the fact that the reduction of Uz (4Uz <
0) in the presence of trees is low (and even positive for WD=240°) and the increase of 7KE
(ATKE > 0) is large (Fig. 9b,c), confirming what found by ventilation analysis (Fig. 7b and
Table 4), i.e. the air exchange through the street roof is more important and the mixing due to
trees enhances the turbulent dispersion and thus diminishes the concentration levels.

It should also be noted that for WD=240° the mean concentration reduction in the
presence of tree is less pronounced (-3% to -4%) than for WD=60° (-8%), on the contrary
there is a slight increase at higher levels (above 10 m) up to 2% at z=20 m (see Fig. 8a and
Table 5). This can be explained by the fact that in the presence of trees at WD=240° a lower
downstream exchange (i.e. ¢ down/inlet) and a larger roof exchange (i.e. ¢ roof/inlet) (see Fig.
7) is observed, meaning that the pollutant tends to locally accumulate along the street more
than the WD=60° case. 41Uz > 0 below and within crowns for WD=240° suggests that more
pollutant is transported above the crowns, where the concentration in fact increases. On the
other hand, for WD=60° the fact that the downstream exchange (i.e. ¢ down/inlet) is more
pronounced than for WD=240° implies that some pollutant is channelled along the street (Fig.
6b) and available to be locally removed through the roof (i.e. ¢ roof/inlet is larger, see Fig. 7a
and pollutant fluxes in Table 4) by a larger turbulent dispersion (Fig. 9c¢).

The deposition slightly affects the concentration levels (Fig. 8b), with a pedestrian
AC* up to -19% (opposite to -16% for aerodynamics effects alone) for CT2 (large LAD)
(Table 5), suggesting the predominance of the aerodynamic effects. However, for WD=240°,
which experienced concentration increases above tree crowns by aerodynamic effects, the
deposition is able to lead to 4C* close to 0 at the top, indicating that even under high vertical
velocity less pollutant is available to be transported above as occurs in the absence of

deposition (Fig. 8a).

6.2.2 Perpendicular winds

Similar to parallel wind cases, in general the greater aerodynamic effects of trees on
concentration occurs at smaller heights (i.e. below and within the crowns, Fig. 8a), but
leading to pedestrian percentage increase AC* (AC* > 0) of 26% for CT2 (large LAD) (Table

5). This may be explained by a larger influence on flow (in terms of mean velocity 4U) below
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and within the crowns (Fig. 9a). The figure shows in fact that trees decrease the velocity (i.e.
AU < 0) at all heights and the larger decrease is up to the top of the average crown height. The
pollutant is thus locally accumulated along the street due to recirculation zones typical of a
perpendicular approaching wind case (see Fig. 6).

Fig. 8 also shows that trees affect concentrations above the crowns (positive or
negative 4C* are found at highest levels). The maximum canopy top height of 29 m justifies
the reduction of U (4U<0) at 20 m; and being the average vertical velocity Uz positive (see
Fig. 6), vertical profiles of AUz (Fig. 9b) shows that trees decrease also the vertical velocity
(i.e. 4Uz<0) over all heights, meaning that trees increase pollution trapping (less vertical
dispersion). The negative AUz is larger within the tree crowns (especially for CT2, large
LAD), suggesting that less pollutant is transported above the crowns, thus indicating that trees
have an effect also above the tree crowns. Larger negative 4Uz than the parallel wind cases
and negative ATKE (Fig. 9b,c) (i.e. a larger vertical velocity and a lower 7KE in the presence
of trees with respect to the empty case) indicate that the vertical velocity mostly contributes to
the concentration increases in the presence of trees shown in Fig. 8a. The pollutant locally
accumulates along the street in recirculation zones and is not able to disperse by turbulence at
roof level (see flow rates and pollutant fluxes and profiles in Fig. 9) leading to a concentration
increase with respect to the empty street case CB (Fig. 8).

Greater deposition is observed on the side of the street where trees are present (see
Fig. 10) and where the largest concentrations are located, which leads to greater deposition
flux. In particular for WD=330° pedestrian 4C* becomes negative, i.e. -6% (opposite to 13%
for aerodynamics effects alone) for CT2 (large LAD) (Table 5). For WD=180° the effect of
deposition is still pronounced but not sufficient to lead to concentration decrease since this

case experiences very high negative aerodynamic effects.

6.3 Pedestrian hotspots in the Marylebone Rd

To finally explore the impact of trees at pedestrian level, Fig. 10 shows concentration
contours at z=1.5 m for CB and CT2 for the four wind directions. The figure shows that for
parallel approaching winds the channelling of flow (see Fig. 6) distributes the pollutants along
the whole street and the introduction of new trees is positive (concentration decrease) for
areas close and far from trees (Fig. 10a,b). For perpendicular winds, as expected from flow
patterns, in the absence of trees the concentration is larger at the leeward side, and the
introduction of trees has a negative effect (concentration increase) mainly close to planted

trees (Fig. 10c,d).
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[Figure 10 about here]

Two representative points (hotspots of concentration) are chosen (indicated in Fig. 10)
and Table 6 reports on mean, pedestrian and top values of AC* along the vertical profiles
(similar to results presented in Table 5, except that the values now are the actual values
calculated by the model at the different heights and not the horizontally-averaged values for
the whole road shown in subsection 5.2). The table shows that, on average, results are in line
with those found for the whole Marylebone Rd, i.e. the aerodynamic effects were positive
(4C* < 0) under parallel winds and negative (4C* > 0) under perpendicular winds due to the
presence of strong recirculation regions (see Fig. 6); and the deposition is more significant
under perpendicular winds close to trees, with minor effects far from trees.

Specifically, under parallel winds, at both hotspots, the mean reduction by
aerodynamic effects is larger for WD=60° (up to -18%) than WD=240° (up to -9%) due to the
stronger ventilation reduction of the large amount of trees present at the east end of the street
(see Fig. 6 and Table 3). The highest pedestrian values of AC* are -38% for WD=60° far from
trees and -33% for WD=240° close to trees. As stated above, deposition has minor effects also
for pedestrian values.

Under perpendicular winds, similar to parallel winds, the aerodynamic effects are also
different depending on wind direction and location. The mean positive 4C* by aerodynamic
effects is larger for WD=180° (up to 108% close to trees) than WD=330° (up to 47% far from
trees). The increase far from trees is due to the obstruction of trees located far at the west of
the hotspot, since the flow entering the street is channelled along the main road similar to the
parallel winds cases (see Fig. 6). Close to trees the mean increase is due to the strong
obstruction under perpendicular winds, even though pedestrian AC* is negative for WD=180°.

As expected, the deposition is much stronger close to trees, totally counterbalancing
the average increase by aerodynamic for WD=330° and reducing mean AC* from 108% to

66% for WD=180°.

[Table 6 about here]

6.4 Summary of the effects of trees on concentration in the Marylebone Rd

The analysis of street ventilation and vertical profiles in the Marylebone Rd indicates

that:
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- trees affect wind velocity and turbulence depending on LAD and these effects depend on
wind direction and are different at across heights. While trees are found to trap pollutants
for perpendicular winds over the whole height of the street, for parallel winds the effects
may be positive or negative at different heights, i.e. pedestrians can have advantages from
the introduction of trees, while people standing at higher building floors may be subjected
to an increase of pollutant concentrations especially for low LAD where the aerodynamic
effects dominate over the deposition;

- the flow pattern is not qualitatively altered by the presence of trees, but the velocity is
reduced, and the turbulence is increased especially for parallel winds. From a pure
dynamical point of view, trees increase pollutant concentrations under perpendicular
winds and decrease under parallel winds. On the other hand, deposition is greater for large
LAD and may dominate over the aerodynamic effects especially for perpendicular winds,
while it is not crucial for parallel winds;

- the effect of trees is strictly local. For parallel winds the flow channelling distributes the
pollutants along the whole street and planting new trees is positive since turbulence
dominates over the vertical velocity in distributing the pollutants over the height of the
street and the main mechanism of air exchange occurs at street roof. This implies that both
areas close and far from the trees within the road have a beneficial effect. On the other
hand, for perpendicular winds the main mechanism of air exchange is still through the
roof, but the presence of recirculation zones diminishes the dispersion of pollutants within
the street and the introduction of new trees has an additional negative effect especially
close to trees;

- taking in mind that the average tree crown height is similar to the average building height,
the present results found for Marylebone Rd are in agreement with previous findings that,
at least for perpendicular approaching winds, the vegetation above the building roof
height may increase the concentration in comparison with the no vegetation case, even
taking into account pollutant deposition (Santiago et al., 2017a).

It is worth underlining that this work is limited to the case study investigates here or to
cases characterized by similar geometries subjected to perpendicular and parallel winds.
However, results confirm previous findings that the effects of trees on pollutant concentration
levels in urban areas are altered by multiple variables. In isolated street canyons, the effects of
trees and hedges have been clearly evidenced and depend on street aspect ratio, wind
direction, crown porosity and tree species and arrangements (Gromke et al., 2012), whereas

real scenarios are complicated by the presence of surrounding buildings, asymmetric street
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canyons and intersections which create extra turbulence mixing leading to complex flow
patterns. It is thus not obvious to evaluate a priori any action tailored to mitigate pollution
levels in urban areas by the introduction of new trees (Santiago et al., 2017b).

Here we expect that since buildings surrounding the Marylebone Rd were explicitly
represented, the real complexity was captured by the model and thus results found for the road
can be representative of the actual situation and impact of trees in different seasons and under
different meteorological conditions. Concentration contours at pedestrian level presented here
could also be used to check hotspots characterized by strong recirculation zones and high
concentration levels, which can be considered sensible areas for concentration monitoring in

the future.

7. Conclusions

This work aims at assessing the impact of urban trees on ventilation and pollutant
concentration levels within the Marylebone Rd (UK). Several scenarios have been
investigated to evaluate the relative importance of both aerodynamic and deposition effects of
trees of different LAD for specific meteorological conditions. Two wind speeds, one of 3 m s
!'leading to the greater effects of trees on pollutant concentrations, the other of 5 m s! being
close the average speed in 2014 (4.3 m s!), were considered. As for wind direction, two
parallel and two perpendicular directions were chosen, the first leading to strongest beneficial
reduction of concentrations in the street (best scenarios), the latter leading to strongest
increase (worst scenarios). Main findings confirm that negative trapping aerodynamic effects
characterize the whole depth of the investigated road under perpendicular winds, but the
deposition may become crucial and lead to concentration decrease, dominating over the
aerodynamic effects. Positive aerodynamic effects were instead found under parallel winds,
with no crucial contribution of the deposition. Such results are discussed in terms of
ventilation provided by flow rates and pollutant fluxes. Further, the analysis of velocity and
turbulence vertical profiles has shown that trees have different local effects across the heights
and the horizontal location of the road, still suggesting that the impact of trees is particularly

site-specific.
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Figure captions

Figure 1. (a) GoogleEarth overview and (b) 3D model of the area of interest. Source
emissions for the roads are reported in Table 1 (note that residential roads are omitted in the
model due to their low emissions) (adapted from Jeanjean et al., 2017).

Figure 2. Monthly mean values of NO, and PM, s (ug m~) in 2014 obtained from Marylebone
monitoring station (AURN). The error bars correspond to the standard deviation from the
monthly means.

Figure 3. Wind rose plots showing wind directions (°) and wind speeds during the year 2013,
2014 (reference year, from Jeanjean et al., 2017) and 2015 in central London (data: London
City Airport weather station).

Figure 4. Sketch of areas of the road openings used to calculate flow rates: upstream end,
downstream end, top roof and buildings empty spaces (not shown here). The case refers to the
wind direction WD=60°.

Figure 5. (a) Sketch of the Marylebone Rd from GoogleEarth and (b) mesh used for CFD
simulations (adapted from Jeanjean et al., 2017).

Figure 6. Flow rates (left) and contours of vertical velocity (Uz) in the whole Marylebone Rd
(CB: middle; CT2: right) for approaching wind directions (a) WD=60°, (b) WD=240°, (c)
WD=180° and (d) WD=330°. Dotted arrows indicate the estimated pattern of flow based on
the calculation of flow rates through other areas.

Figure 7. Graphs showing the impact of trees on flow rates. (a) “g;,.s tree impact” indicates
the percentage reduction of air entering (which is equal to that leaving) the street due to the
presence of trees. (b) “q roof/inlet” indicates the amount of air exiting through the street roof
with respect to total air entering the street; “q down/inlet” indicates the amount of air exiting
through the downstream end with respect to total air entering the street.

Figure 8. Vertical profiles of horizontally-averaged AC* for tree vs tree-free cases under wind
speed of 3 m s*! and four wind directions (WD=60°, WD=180°, WD=240°, WD=330°) within
Marylebone Rd: a) aerodynamic effects (V,=0), b) aerodynamic and deposition effects
(V,=0.64cm s!). The dashed line rectangle indicates the position of the mean tree crown, i.e.
17 m (mean height of the top) and 5.7 m (mean height of the bottom). The maximum canopy
top height recorded in the street is of 29 m.

Figure 9. Vertical profiles of horizontally-averaged AU, AUz and ATKE for tree vs tree-free
cases under wind speed of 3 m s and four wind directions (WD=60°, WD=180°, WD=240°,
WD=330°) within Marylebone Rd: a) aerodynamic effects (V,=0), b) aerodynamic and

deposition effects (V,=0.64cm s!). The dashed line rectangle indicates the position of the
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mean tree crown, i.e. 17 m (mean height of the top) and 5.7 m (mean height of the bottom).
The maximum canopy top height recorded in the street is of 29 m.

Figure 10. Concentration contours for CB (left) and CT2 (right) for approaching wind
directions (a) WD=60°, (b) WD=240°, (c¢) WD=180° and (d) WD=330°, with indication of the

two hotspots far and close to trees.
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Table 1. NOy and PM; s emissions estimated from Annual Average Daily Flows (adapted from

Jeanjean et al., 2017).

Marylebone Rd A41 - Gloucester A41 - Baker Street
Place

Annual Average 79078 14579 12198

Daily Flows (AADF)

Average NOy 0.68 0.11 0.10

emission (mg m! s7)

Average PM; 5 0.031 0.006 0.005

emission (mg m! s7)

Table 2. Cases investigated with different types of trees, seasons and meteorological data simulated

with the OpenFOAM CFD software platform.

Name Trees Typical LAD Wind speed | Wind direction
season m?m?3) |ms? ©)

CB (Case | Leaf-free Winter 0 3 Parallel: 60, 240

of 5 Perpendicular: 180,

Buildings 330

only)

CT1 Half-grown | Spring & | 1.06

(Case of leaves Autumn

Trees 1)

CT2 Fully grown | Summer | 1.6

(Case of | leaves

Trees 2)




Table 3. Flow rates for all the cases investigated with a wind speed of 3 m s”!. WD stands for wind

direction.
Flow rate ¢ (m?/s) Parallel WDs Perpendicular WDs
WD 60° | WD 240° | WD 180° | WD 330°

CB
East end 1497 -1007 -485 81
West end -1016 1556 622 409
Top roof -2270 -3859 -3772 -2127
Buildings empt

s Py 1790 3309 3635 1637
spaces
CT1
East end 973 -478 -200 40
West end -453 1073 450 147
Top roof -1946 -3448 -3148 -2260
Buildings empt

s Py 1427 2853 2897 2073
spaces
CT2
East end 887 -430 -198 34
West end -397 984 432 128
Top roof -1819 -3366 -3097 -2257
Buildings empt

s Py 1329 2812 2864 2095
spaces




Table 4. Spatially-averaged PM, s pollutant fluxes at street openings (with no deposition) due to

mean flow (F4m) and turbulent fluctuations (F4¢) for all the cases investigated with a wind speed

of 3 m s'!. WD stands for wind direction.

Pollutant fluxes (mg s Parallel WDs Perpendicular WDs
WD 60° WD 240° WD 180° WD 330°
FAm | FAt | FAm | FAt | FAm | FAt | FAm | FAt
CB
East end 01 100 |56 (00 j-1L1 100 (00 0.0
West end 66 |02 |02 |00 |01 |00 |0.0 0.0
Top roof 14.7 |243 |234 |189 |[21.8 |85 7.1 5.7
CT1
East end 0.2 0.0 -3.3 0.0 -0.5 10.0 0.0 0.0
West end 22 |02 |02 |00 |01 |00 |03 0.2
Top roof 12.0 |34.6 |26.0 |29.8 [20.7 |10.4 |8.6 18.0
CcT12
East end 0.2 0.0 -2.9 10.0 -0.6 0.0 0.1 0.0
West end -19 |01 102 |00 01 100 (03 0.2
Top roof 112 | 355 |256 (302 |19.7 |11.2 |9.1 20.5




Table 45. Horizontally-averaged AC* for tree vs tree-free cases under wind speed of 3 m s*! and

four wind directions (WD=60°, WD=180°, WD=240°, WD=330°) within the whole Marylebone Rd

(see Fig. 8). Mean: averaged value over all the heights of the street; Ped: value at z=1.5m; Top:

value at z=20m.

AC*= [(CT, - CB)/Cy] x 100 (%)

Aerodynamic effects (Vd 0)

Aerodynamic + Deposition effects (Vd 0.64)

WD Mean Ped Top Mean Ped Top
60° -8 -15 -1 -8 -16 -1
240° -3 -9 2 -4 -10 1
180° 32 24 2 31 23 1
330° 6 11 1 6 10 0
AC*= [(CT, - CB)/Cy] x 100 (%)
Aerodynamic effects (Vd 0) Aerodynamic + Deposition effects (Vd 0.64)

WD Mean Ped Top Mean Ped Top
60° -8 -16 -1 -11 -19 -2
240° -4 -12 2 -8 -16 -0.4
180° 36 26 2 31 22 -3
330° 8 13 1 -5 -6 -4




Table 56. AC* for tree (CT2) vs tree-free cases under wind speed of 3 m s™! and four wind directions
(WD=60°, WD=180°, WD=240°, WD=330°) at one hotspot far and one hotspot close to trees (see

Fig. 10). Mean: averaged value over all the heights of the street; Ped: value at z=1.5m; Top: value

at z=20m.
AC*= [(CT, - CB)/Cy] x 100 (%) (hotspot far from trees)
Aerodynamic effects (Vd 0) Aerodynamic + Deposition effects (Vd 0.64)
WD Mean Ped Top Mean Ped Top
60° -18 -38 -3 -19 -39 -3
240° -9 -19 -1 -11 -21 -3
180° 10 4 0.5 10 3 -0.1
330° 47 61 20 39 42 6
AC*= [(CT, - CB)/Cy] x 100 (%) (hotspot close to trees)
Aerodynamic effects (Vd 0) Aerodynamic + Deposition effects (Vd 0.64)
WD Mean Ped Top Mean Ped Top
60° -13 -23 -0.4 -16 -27 -3
240° -9 -33 6 -14 -38 4
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