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9 ABSTRACT10
11

Street vegetation has been found to have both positive and negative impacts on pedestrian-level12

air quality, but the net effect has remained unclear. In this study, the effect of street trees on13

aerosol mass (PM10 and PM2.5) and number in a boulevard-type street canyon with high traffic14

volumes in Helsinki is examined using the large-eddy simulation model PALM. Including a15

detailed aerosol module and a canopy module to comprise permeable trees, PALM allows to16

examine the effect of street trees in depth. The main aim is to understand the relative importance17

of dry deposition and the aerodynamic impact of street trees on the different aerosol measures at18

pedestrian-level and to find a suitable street-tree layout that would minimise the pedestrian-level19

aerosol particle concentrations over the boulevard pavements. The layout scenarios were decided20

together with urban planners who needed science-based knowledge to support the building of21

new neighbourhoods with boulevard-type streets in Helsinki. Two wind conditions with wind22

being parallel and perpendicular to the boulevard under neutral atmospheric stratification are23

examined.24

Adding street trees to the boulevard increases aerosol particle concentrations on the pave-25

ments up to 123 %, 72 % and 53 % for PM10, PM2.5 and total number, respectively. This shows26

decreased ventilation to be more important for local aerosol particle concentrations than dry27

deposition on vegetation. This particularly for PM10 and PM2.5 whereas for aerosol number,28

dominated by small particles, the importance of dry deposition increases. Therefore the stud-29

ied aerosol measure is important when the effect of vegetation on pedestrian-level air quality is30

quantified. Crown volume fraction in the street space is one of the main determining factors for31

elevatedmass concentrations on the pavements. The lowest pedestrian-level mass concentrations32

are seen with three rows of trees of variable height, whereas the lowest number concentrations33

with four rows of uniform trees. The tree-height variation allows stronger vertical turbulent trans-34

port with parallel wind and largest volumetric flow rates with perpendicular wind. Introducing35

low (height < 1 m) hedges under trees between the traffic lanes and pavements is found to be36

a less effective mitigation method for particle mass than introducing tree-height variability, and37

for particle number less effective than maximising the tree volume in the street canyon.38

The results show how street trees in a boulevard-type street canyon lead to decreased pedestrian-39

level air quality with the effect being particularly strong for larger aerosol particles. However,40

with careful planning of the street vegetation, significant reductions in pedestrian-level aerosol41

particle concentrations can be obtained.42

43

1. Introduction44

Road traffic is one of the main sources for urban air pollution (Fenger, 2009) and as a result the largest pollutant45

concentrations are commonly observed at pedestrian-level in street canyons with limited pollutant ventilation. Thus,46

for the well-being of urban dwellers, improvements particularly in street-canyon air quality are in a key role as people47

walk and cycle in the street space and the surrounding buildings are generally occupied by residents.48
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Urban vegetation is often proposed as one mean to improve the pedestrian-level air quality by enhancing pollutant49

removal by dry deposition (e.g., Irga et al., 2015; Tallis et al., 2011). At the same time, trees decelerate the flow, modify50

turbulence and influence the canyon vortex (Gromke and Blocken, 2015; Raupach et al., 1996), which can deteriorate51

street canyon ventilation. However, the relative importance of these aforementioned aerodynamic impacts and dry52

deposition are not well-known and contradictory results on the influence of urban vegetation on pedestrian-level air53

quality have been published. For instance, Abhijith et al. (2017) concluded that introducing urban vegetation has been54

found to change pedestrian-level pollutant concentrations from -61 % to +246 %. Hence, while improving pedestrian-55

level thermal and wind comfort (Lindberg et al., 2016), health (Niemelä et al., 2010), and providing surface area for56

pollutant dry deposition (e.g., Janhäll, 2015), poorly positioned street trees can notably decrease pollutant ventilation57

and local air quality (Buccolieri et al., 2009, 2011; Gromke and Ruck, 2012).58

Naturally, the most direct mean to lower the pedestrian-level pollutant concentrations is to reduce traffic emissions.59

However, even though combustion-related air pollutant emissions from traffic are likely to notably decrease within the60

next years, vehicular suspension of aerosol particles from brake and tyre wear might even increase as heavier electric61

cars will increase the load on pavement surface materials (Requia et al., 2018). Therefore, especially in countries where62

studded tyres are used, road dust is and will very probably remain a problem in future also. Traffic emission reduc-63

tions will also take time and meanwhile alternative methods to decrease the pedestrian-level pollutant concentrations64

are needed. Highest pedestrian-level pollutant concentrations are especially detected when prevailing meteorological65

conditions and turbulent mixing lead to inefficient pollutant transport from the ground and mixing of clear air above66

(Britter and Hanna, 2003).67

Pollutant transport has previously been found to be largely modified by urban form and morphology, described68

by factors such as building packing density (Lin et al., 2014; Yuan et al., 2014; Ramponi et al., 2015; Chen et al.,69

2017), building height variability (Hang et al., 2012), roof geometry (Nosek et al., 2016) and street canyon aspect70

ratios (Barlow et al., 2004). Vegetation has also been found to have considerable effect on local pollutant transport and71

concentrations (Buccolieri et al., 2009; Vos et al., 2013). As the effects of these urban properties for air quality are72

considerable, taking them into account in urban planning can lead to better pedestrian-level air quality (Kurppa et al.,73

2018).74

To investigate the impact of individual trees and vegetation on the spatial and temporal variability of local air qual-75

ity, high-resolution modelling that takes into account the complex interactions between the emissions, meteorological76

conditions, background concentrations and urban form is needed. Specifically, the used model should be capable of77

resolving the impact of single solid buildings and porous vegetation, for which computational fluid dynamics (CFD) is78

an optimal tool. Previous CFD studies combining the aerodynamic impact of vegetation and dry deposition show that79

dry deposition has a minor effect on aerosol concentrations compared to the aerodynamic impact (Jeanjean et al., 2016,80

2017; Santiago et al., 2017a; Vos et al., 2013; Vranckx et al., 2015). Vegetation has mainly been shown to increase81

concentrations particularly in street canyons (around 5–6 % in Jeanjean et al. (2017), 5 % in Santiago et al. (2017a),82

0.2–2.6 % increase in PM10 in Vranckx et al. (2015)), while some studies show that vegetation can be a promising83

mitigation tool for air pollution (Jeanjean et al., 2016; Santiago et al., 2017b). Furthermore, local differences can be84

notable and even up to ±100 % as shown by Santiago et al. (2017a). Concerning hedges, Janhäll (2015) concluded that85

(low) vegetation close to the emission source would be the best choice for enhancing aerosol dry deposition while not86

preventing street-canyon ventilation. Still, contradicting results exist and, for example Gromke et al. (2016) showed87

3–19 % higher and 18–60 % lower pedestrian-level concentrations with discontinuous and continuous, respectively,88

hedge rows of 1.5–2.25 m in height. These results show how the impact of urban vegetation largely depends on the89

vegetation configuration and the site being studied.90

However, the aforementioned CFD studies have applied the RANS (Reynolds-averaged Navier–Stokes) modelling91

method, while large-eddy simulation (LES) has been found to outperform RANS within real urban topographies in-92

cluding vegetation (Gousseau et al., 2011; Salim et al., 2011; Tominaga and Stathopoulos, 2011). Also, many of the93

previous studies on the effect of vegetation on pollutant ventilation and pedestrian-level air quality have been limited94

to idealised street canyons (Gromke and Ruck, 2012; Gromke et al., 2016; Moradpour et al., 2017; Santiago et al.,95

2017b; Vos et al., 2013; Vranckx et al., 2015). Furthermore, majority of the studies have treated passive pollutants but96

in order to take into account the aerosol dry deposition on vegetation, a description of the aerosol size distributions97

and dynamic processes need to be incorporated into modelling. Detailed treatment of aerosol processes is also needed98

when the behaviour of aerosol number concentrations, controlled by the most harmful ultrafine particles (UFP, Nel99

et al., 2006), is examined. To our knowledge, currently only two LES models, CTAG (Wang and Zhang, 2012; Wang100

et al., 2013; Tong et al., 2016) and PALM (Kurppa et al., 2019; Maronga et al., 2019), are able to account for the101
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aerosol dynamics in simulating urban aerosol particle concentrations.102

In this study, the contradictory effects of urban street trees on the pedestrian-level aerosol particle concentrations are103

examined using the LES model PALM (Maronga et al., 2015), which allows for a description of permeable vegetation104

and aerosol dynamics with dry deposition (Kurppa et al., 2019). The aim is to understand which of the studied and yet105

realistic street-tree layout scenarios minimise the pedestrian-level aerosol mass PM2.5 and PM10 (particulate matter106

≤ 2.5 µm and ≤ 10 µm, respectively) and number concentrations over the pavements and maximise aerosol particle107

ventilation within a boulevard-type street canyon with high traffic rates. Both combustion and vehicular suspension of108

road dust and twowind directions during amorning rush hour in late spring are considered. The research aim originated109

from the needs of urban planners in Helsinki as City of Helsinki is planning to convert its current motorway-like entry110

routes and their surroundings into a city boulevards surrounded with more densely built neighbourhoods (City of111

Helsinki, 2016). Thus, the focus is on the near future, i.e., year 2030.112

2. Materials and methods113

2.1. LES model114

This study applies the PALM model system (version 6.0, revision 3698, Maronga et al., 2019), which features an115

LES core for atmospheric and oceanic boundary layer flows, and solves the non-hydrostatic, filtered, incompressible116

Navier–Stokes equations of wind (u, v, and w) and scalar variables (sub-grid scale (SGS) turbulent kinetic energy117

(TKE) e, potential temperature �, and specific humidity q) in Boussinesq-approximated form. PALM is excellently118

scalable onmassively parallel computer architectures (up to 50,000 cores,Maronga et al., 2015) and is therefore adapted119

for simulation domains up to the city-scale with a fine-enough grid resolution for building-resolving LES (Xie and120

Castro, 2006). Due to its specific features such as Cartesian topography scheme, plant canopy module and recently121

developed PALM-4U (short for PALM for urban applications) components, PALM is especially suitable for urban122

applications. Moreover, PALM includes a self-nesting capability to enable a fine grid resolution within the main123

domain of interest while having a large enough modelling domain and not exceeding the available computational124

resources (Maronga et al., 2019).125

2.1.1. Canopy model126

The aerodynamic effect of vegetation on flow is taken into account by an embedded canopy model. Vegetation
decelerates the flow by acting as a momentum sink, the magnitude of which depends on the wind velocity, leaf area
density (LAD, m2m−3) and the aerodynamic drag coefficient CD following:

)ui
)t

= ... − CDLAD
√

u2i ui, (1)

where ui represents the wind components (u1 = u, u2 = v, u3 = w). Furthermore, the effect on the SGS-TKE (e)127

is considered with an additional sink term in its prognostic equations:128

)e
)t
= ... − 2CDLAD

√

u2i e. (2)

LAD is defined as the total one-sided leaf area per unit volume and CD quantifies the form and viscous drag forces129

caused by on obstacle to a fluid. Here a constant aerodynamic drag coefficient of 0.5 is used (Auvinen et al., 2020).130

This value is higher than more traditionally used 0.2, which has been found to be optimal for continuous plant canopies131

(Katul et al., 2004). For individual trees the value for CD should be higher (Mayhead, 1973; Vollsinger et al., 2005).132

The canopy model itself was originally developed for continuous vegetation also, but has since been used for individual133

trees (e.g., Giometto et al., 2017). Recently a heterogeneous distribution of the tree canopy has been enabled in the134

model allowing to set up different LAD profiles for different grid points within the study area (Kurppa et al., 2018) .135

2.1.2. Aerosol module136

To consider the dry deposition of aerosol particles on solid surfaces and vegetation, we apply the sectional aerosol137

module SALSA (Kokkola et al., 2008), which is part of the PALM-4U components (Kurppa et al., 2019). SALSA138

describes the aerosol number size distribution by a discrete number of size bins with a specific chemical composition,139

and comprises the aerosol processes of nucleation, condensation, dissolutional growth, coagulation and dry deposition140
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on solid surfaces and vegetation. The advection and diffusion of aerosol number and mass are solved in the Eulerian141

framework.142

Dry deposition on vegetation produces a sink term in the prognostic equations of concentrations
)Ni
)t

= −LADvd,iNi,t−Δt, (3)
whereNi is the aerosol number concentration in size bin i and vd,i is the dry deposition velocity, which can be solvedusing the parametrisation either by Zhang et al. (2001) or Petroff and Zhang (2010). On solid surfaces, dry deposition
is implemented by means of a surface flux:

FNi
= vd,iNi,t−Δt. (4)

The same equations apply for mass concentrations mc,i, where c is the chemical component.143

2.1.3. PALM model evaluation144

PALM cannot be evaluated against observations in this study as we simulate future scenarios. However, the differ-145

ent model parts have been successfully evaluated by previous studies. The performance of PALM has been evaluated146

against wind tunnel simulations over urban-like surfaces showing a good agreement for the mean flow and turbulence147

(Gronemeier and Sühring, 2019; Letzel et al., 2008; Razak et al., 2013), and scalar dispersion (Park et al., 2012) within148

the urban canopy and above. Only Gronemeier and Sühring (2019) reported slightly weaker re-circulation flow and149

turbulent fluctuations within a courtyard compared to a wind tunnel study by Hall et al. (1999). The plant canopy150

model has been successfully evaluated against a wind tunnel experiment downstream of a homogeneous forest patch151

(Kanani et al., 2014), showing that the plant canopy model in PALM adequately accounts for the drag of vegetation152

on the turbulent flow. Kurppa et al. (2019) evaluated the aerosol module against measured vertical profile of aerosol153

number concentration and size distribution in a simple street canyon in Cambridge, UK, and showed that the simulated154

values were mainly within a factor of two of the observations.155

Correct initialisation and model boundary conditions are important for appropriate model simulation (Auvinen156

et al., 2020). In the present study, uncertainty resulting from these is minimised due to the comparative nature of the157

study with the different tree layout scenarios using the same initialisation and boundary conditions.158

2.2. Modelled tree-layout scenarios and input data159

The simulations are performed for a realistic city boulevard and its generalised surrounding neighbourhood (Fig. 1).160

Five street-tree layout scenarios (S1-S3) in addition to a baseline scenario without any trees (S0) are studied (Table 1161

and Fig. 2). In scenarios S0, S2A, S2B and S2C the boulevard is 54 m wide, while it is 4 m wider in S1 and 4 m162

narrower in S3. The scenarios were decided together with local urban planners and the different street widths are163

suitable for each of the street-tree layout varying from two to four rows of trees. In all scenarios, there are in total eight164

traffic lanes. Tram lines are located in the middle and cycle lanes and pavements on both sides of the boulevard. As165

a default, the street trees are 15-m-tall Tilia × vulgaris (deciduous) trees, but in S2C the outermost trees are 9-m-tall166

Sorbus intermedia (deciduous). In S2B with three rows of trees, uniform hedges of 1 m in width and 0.75 m in height167

are set below the canopies of the outermost trees. In addition to the boulevard, some Tilia × vulgaris trees are also168

added to the surroundings (see Fig. 1).169

The city blocks along the boulevard are manually constructed into a three-dimensional model based on a develop-170

ment plan of the City of Helsinki (personal communication 2.7.2018). The boulevard is surrounded by generic cuboids171

that generate appropriate aerodynamic roughness of the surrounding urban area with detached houses. Specifically,172

a 64 m × 64 m tile containing four generic cuboids is repeated. Morphological details of the buildings are given in173

Table 2. Land surface elevation is neglected and a flat terrain is applied everywhere.174

2.2.1. Vegetation175

The three-dimensional shape of street trees is formed from airborne laser scanning (ALS) tree inventory of urban176

roadside trees in the City of Helsinki (Tanhuanpää et al., 2014). First, the inventory is filtered by the used tree species177

(i.e., Tilia× vulgaris and Sorbus intermedia) and then by an appropriate tree height (14–16m and 9–10m, respectively).178

This yields 819 matches for Tilia × vulgaris and 87 matches for Sorbus intermedia. Dimensionless vertical profiles179

are then calculated based on the average pulse return height distribution of the filtered trees. A mean value for the180

maximum horizontal diameter of the tree crown is calculated for both species. Then, three-dimensional circularly181
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Figure 1: Modelling domains with wind direction a) parallel (WD = 8◦) and b) perpendicular (WD = 82◦) to the boulevard.
The floor height equals three metres. The boundaries of the parent domain are shown in black and those of the child
domain in red. Lx, Lz and Lz indicate the dimensions of the parent domain in x-, y- and z-directions and N north.

Table 1
Planning scenarios investigated in this study. All Tilia × vulgaris trees are 15 m and Sorbus intermedia 9-m-tall.
CVF stands for crown volume fraction, i.e., volume of total tree crown divided by the average street canyon
volume.

Scenario Boulevard Rows Tree species Hedges CVFwidth (m) of trees

S0 54 0 - - 0.00
S1 58 4 Tilia × vulgaris - 0.19
S2A 54 3 Tilia × vulgaris - 0.16
S2B 54 3 Tilia × vulgaris Below outermost trees 0.16
S2C 54 3 Tilia × vulgaris (middle), - 0.09

Sorbus intermedia (outermost)
S3 50 2 Tilia × vulgaris - 0.11

symmetric shape masks of the tree crowns are constructed so that their diameter and horizontally integrated profile182

match the ones from the ALS data (Fig. 3 and S1 in the Supplement). For all masked points, a conservative estimate183

LAD = 1.2 m2m−3 for broad-leaved trees is used (Abhijith et al., 2017). For hegdes LAD = 2.0 m2m−3 (Wania et al.,184

2012). All model simulations are made in late spring and thus LAD values correspond to summertime values.185

2.2.2. Aerosol particle boundary conditions186

Traffic-related emissions are treated as area sources from the eight 3-m-wide traffic lanes (Fig. 2) occupying 41-187

48 % of the boulevard surface area. Six lanes are located on the main street along the boulevard and two on the188

smaller streets at the side. The applied traffic rate 3660 veh h−1 is an estimate for a typical morning rush hour on a189

boulevard-type entry route in Helsinki and the traffic is equally distributed on all lanes. The fleet composition (81 %190

passenger cars, 10 % light and 3 % heavy duty diesel vehicles, and 6 % buses) is estimated from present-day traffic191

counts in Helsinki. The distribution of different vehicle technologies (diesel, fuel, electric) is based on ALIISA model192

estimation for year 2030 (VTT, 2018) with the difference that 30 % of the bus fleet is assumed to be electric according193

to the rolling stock scenario of the local public transportation in Helsinki for 2030.194

The unit emissions of combustion-related PM2.5 (gm−1 veh−1) for year 2030 are drawn from the LIPASTO unit195

emission database (VTT, 2018). For vehicle suspension of road dust, a unit emission of 315 µgm −1 veh−1 is estimated196

using the FORE road dust model (Kauhaniemi et al., 2011). This value is the 75-percentile for dry and medium-windy197

morning rush hours (7–9 am) inApril–May 2007–2009 and 2014. To select only thesemeteorological conditions, hours198
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Figure 2: Cross section for the street-tree layout scenarios. One of the hedge rows is highlighted for S2B. See Table 1 for
details.

Table 2
Morphometric properties of buildings in different modelling domains for both wind directions (WD = 8◦ and
WD = 82◦). Hb,avg is the area-weighted average, Hb,min is the minimum and Hb,max is the maximum building
height. �p is the plan area fraction (i.e., fraction of the building plan area to the total plan area) and �f is the
frontal aspect ratio (i.e., ratio of the building facade area in the direction of the mean wind to the total plan
area).

Area Hb,avg (m) Hb,min (m) Hb,max (m) �p �f
Full domain (WD = 8◦) 10.3 4.0 21 0.34 0.19
Full domain (WD = 82◦) 9.6 4.0 21 0.35 0.23
Nested child domain (WD = 8◦) 12.7 4.0 21 0.33 0.20
Nested child domain (WD = 82◦) 10.4 4.0 21 0.35 0.23
Along the boulevard 17.2 12.0 21.0 - -
Surrounding urban area (WD = 8◦) 8.2 4.0 12.0 0.36 0.18
Surrounding urban area (WD = 82◦) 8.2 4.0 12.0 0.36 0.23

with non-zero accumulated precipitation and hourly mean horizontal wind speed below 3.3 m s−1 or over 6.3 m s−1199

were filtered out based on observations at the Kaisaniemi meteorological station in Helsinki at z = 32 m (Finnish200

Meteorological Institute). Finally, for the specific fleet composition, traffic rate and total lane width of 8 × 3 m, traffic201

emission factors EFPM2.5
= 3.18 × 10−7 gm −2 s−1 and EFPM10

= 1.69 × 10−5 gm −2 s−1 are obtained.202

The background concentrations PM2.5 = 5.42 µgm−3 (�PM2.5
= 3.42 µgm−3, min(PM2.5) = 2.10 µgm−3,203

max(PM2.5) = 19.50 µgm−3) and PM10 = 17.37 µgm−3 (�PM10
= 11.52 µgm−3, min(PM10) = 6.00 µgm−3,204

max(PM10) = 61.20 µgm−3) represent the mean values for morning (7–9 am) rush-hours at an urban background205

station located in Helsinki between April–June 2008–2018. Similar to the road dust emissions, only dry and medium-206

windy meteorological conditions are considered.207

The aerosol emissions and background concentrations are given to SALSA as aerosol number. Mass emissions are208

translated to number emissions by assuming the following tri-modal log-normal aerosol size distribution: nuclei mode209

(geometric number mean diameter Dg,n = 11.7 nm and mode standard deviation �n = 1.71) particles represent 1 %210
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Figure 3: Three-dimensional models of a) Tilia × vulgaris and b) Sorbus intermedia trees used in the study. Cuboids show
the placement of within-canopy grid points.

and Aitken mode (Dg,a = 37.3 nm and �a = 1.78) particles 99 % of EFPM2.5
, while coarse mode (Dg,c = 864 nm and211

�c = 2.21) particles represent the whole EFPM10–2.5 = EFPM10
− EFPM2.5

. The background aerosol size distribution is212

assumed to follow the polluted urban type size distribution applied in Zhang et al. (1999) so that nuclei mode particles213

represent 1.6 % and accumulation mode 98.4 % of PM2.5, while coarse mode particles represent the whole PM10–2.5.214

The sectional representation of the size distributions is shown in Fig. S3.215

2.3. Simulation setup216

All simulations are conducted over a domain of 384 × 192 × 64 in x-, y- and z-directions with a uniform grid217

resolution of 3 m. Within, a nested child domain of 768 × 384 × 72 with a grid resolution of 1.0 m in horizontal and218

0.75 m in vertical is defined (Fig. 1). For a typical urban street network in Helsinki, this spatial resolution has been219

found sufficient to solve the flow in the vicinity of urban roughness elements and close to the ground (Auvinen et al.,220

2020). This also meets the grid spacing requirement suggested by Xie and Castro (2006) as the smallest buildings of221

12 m in height along the boulevard are resolved using 16 grid points (Table 2). For all scenarios, neutral atmospheric222

stratification and two different wind directions relative to the boulevard, WD = 8◦ (hereafter parallel) and WD =223

82◦ (hereafter perpendicular), are considered. The morphometric properties of the simulation domain for both wind224

directions are represented in Table 2.225

Due to the high computational demands of SALSA, and especially that of resolving advection for a large number of226

aerosol number and mass bins (Kurppa et al., 2019), the aerosol module is applied only within the nested domain. The227

aerosol size distribution is modelled for a size range 3 nm–10 µm using ten size bins (see Table S1). Dry deposition228

does not depend on the aerosol chemical composition, and therefore only solid aerosol particles containing organic229

carbon are considered. Aerosol size-specific dry deposition velocities are calculated every ΔtSALSA = 1.0 s by Zhang230

et al. (2001) using the land use category "deciduous broadleaf trees" for vegetation and "urban" for buildings. The231

values range between vd ∼ 1 cm s−1 for the smallest particles and vd ∼ 0.01 cm s−1 for particles of around 500 nm232

in diameter. To simulate constant background concentrations, aerosol concentrations are fixed at the lateral and top233

boundaries.234

For the wind, specific humidity (q) and SGS-TKE (e), cyclic boundary conditions are applied at the spanwise235

boundaries while non-cyclic conditions are set at the streamwise boundaries. The mean part of the streamwise bound-236

ary conditions are obtained from a precursor run. The precursor run is conducted over a domain equal in size with237

the full domain and run with cyclic lateral boundary conditions for T = 6 h to create a quasi-stationary flow field.238

Surface roughness equal to the idealised generic roughness elements (Table 2) is introduced at the bottom to create239

and maintain turbulence in the precursor run. The precursor wind field is driven with a uniform pressure gradient of240
)p
)x = −1.499 × 10−3 Pam−1 and )p

)y = −5.235 × 10−5 Pam−1 (Fig. S2). In addition to the mean part, turbulence241

recycling method is used to add to the mean streamwise boundary conditions. A recycling plane is placed downstream242

the focus area, with turbulence being recycled back from the plane to the inbound boundary. Slightly slanted (2◦)243
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wind directions relative to the domain were used in order to avoid persistent spanwise locking of large-scale turbulent244

structures (Munters et al., 2016). For the nested domain, one-way nesting to the parent domain is used to obtain the245

flow boundary conditions.246

At top boundary, Neumann (zero-flux) condition is set for wind and scalars, while at bottomDirichlet (fixed bound-247

ary) condition is set for wind and Neumann for scalars. Furthermore, at all solid walls, Monin-Obukhov similarity248

theory with the roughness length z0 = 0.03 m is applied. The advection of momentum and scalars variables is based249

on the 5th-order advection scheme by Wicker and Skamarock (2002) together with a third-order Runge-Kutta time250

stepping scheme (Williamson, 1980). The pressure term in the prognostic equations for momentum is calculated using251

the iterative multigrid scheme (Hackbusch, 1985).252

All simulations are first run for T = 600 s after which data output is collected for the following T = 1 h. Simulations253

are performed on Cray XC40-based Sisu supercomputer of the CSC - IT Center for Science, Finland, using 4 × 2 and254

24 × 12 Intel Xeon E5-2690v3 Haswell microarchitecture processor cores for the full and child domain, respectively.255

Each simulation uses approximately 1000 days of CPU time.256

2.4. Data analysis257

Both time series and temporally averaged data are collected from simulations. In this study, the focus is only on the258

child domain. Data analysis is conducted far enough from the lateral boundaries of the child domain to minimise the259

impact of concentration discontinuity due to the fixed aerosol boundary conditions on the lateral and top boundaries.260

Firstly, one-minute averaged values of PM10, PM2.5, total aerosol number concentration (Ntot) and wind compo-261

nents are saved at each vertical level between z = 0.4 − 32 m. PM2.5, PM10 and Ntot are calculated within PALM as262

the total aerosol mass of particle Dg < 2.5 µm and Dg < 10 µm, and number, respectively. Secondly, aerosol size263

distributions are saved every two seconds and wind components every second at four levels between z = 1.9−23.6 m.264

All wind components are interpolated to the same grid points as scalar variables, that is in the middle of each model265

grid cell.266

The concentrations on the pavements are specifically defined at 3 m from the wall along 250-m-long lines on both267

sides of the boulevard. Concentrations over pavements and the whole boulevard are analysed at z = 1.9 m above268

ground (referred as pedestrian-level) which corresponds to the approximated inhaling height. The term pavement is269

used to refer to pedestrian areas on the side of streets which in American English would be referred to as sidewalks.270

To represent the magnitude of the mean circulation within the street canyon, a volumetric flow rate across the
street canyon per unit length Q is calculated for the perpendicular wind direction (WD = 82◦). The mean circulation
is defined from the stream function averaged along the boulevard

Ψ(xr, z) =
1

yr,2 − yr,1 ∫

z

0 ∫

yr,2

yr,1
ur (xr, yr, z) dyr dz, (5)

in rotated coordinates so that xr-axis is perpendicular and yr-axis is parallel to the boulevard, z is the height above271

ground, ur is the mean of wind component ur perpendicular to the boulevard and (yr,1, yr,2) covers a 250-m-long section272

of the boulevard. Then, Q is specified as the absolute value of the stream function’s minimum in the (xr, z) -plane.273

Vertical turbulent flux F measures pollutant ventilation due to turbulent transport. In this study, F is calculated
only for the aerosol size bin 6 (Dg = 303.3 nm) because this size range has the lowest deposition velocity (Kurppa
et al., 2019) and is thus least affected by dry deposition. Hence, Fbin6 is the covariance betweenw and aerosol number
concentrationN

Fbin6 = w′N ′
bin6 , (6)

wherew′(t, x, y, z) andN ′
bin6(t, x, y, z) are the instantaneous fluctuating values at point (x, y, z) at time t, and the over-274

bar denotes the time average (here one hour). Positive Fbin6 indicates upward transport, i.e., ventilation. Furthermore,275

data to calculate Fbin6 have a temporal resolution of Δtflux = 2 s. Hence, we acknowledge that the contribution of276

eddies with time scales smaller than Δtflux is ignored here.277

The mean (MKE) and turbulent kinetic energy (TKE) of the flow at tree heights (z = 1.9 − 14.6 m) were studied
independently. MKE was calculated as

MKE = 1
2

(

u2 + v2 +w2
)

, (7)
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N WD

Figure 4: The spatial variability of the pedestrian-level (z = 1.9 m) concentrations of a) Ntot and b) PM10 in the vicinity
of the boulevard for the scenario S2A with parallel wind (WD = 82◦). N indicates north.

where u, v and w are the one-hour averaged wind components in (x, y, z) direction, and TKE as
TKE = 1

2

(

(u′)2 + (v′)2 + (w′)2
)

, (8)

where (u′)2, (v′)2 and (w′)2 are the one-hour averaged variances of the wind components.278

3. Results279

The very detailed spatial variability of the pedestrian-levelNtot and PM10 within the study domain is demonstrated280

in Figure 4. The highest concentrations with clear hot spots are observed near the source on the boulevard and the281

concentrations rapidly decrease when moving away on the side streets and courtyards. In this study, both aerosol mass282

(PM2.5 and PM10) and number concentrations are examined, and as PM2.5 behaves very similarly to PM10, figures for283

PM2.5 are shown only in the Supplement. A special focus is on the pavements on both sides of the boulevard, which284

is assigned accordingly in the figures, while mean values over the whole boulevard are denoted with angular brackets285

⟨...⟩ hereafter.286

3.1. Concentrations on pavements287

The mean values and variation of PM10 andNtot on the pavements on both sides of the boulevard are illustrated in288

Figs. 5 and 6, respectively (see Fig. S4 for PM2.5). The lowest mass concentrations (PM10 mean values 28–75 µgm−3289
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Figure 5: Hourly PM10 concentrations (µgm−3) at z = 1.9 m on the pavement on the western (a,c) and eastern (b,d)
side of the boulevard with parallel (WD = 8◦, a-b) and perpendicular (WD = 82◦, c-d) wind. Black plus signs show mean
values, red dashed lines medians, the lower and upper limit of the boxes 25th and 75th percentiles and whiskers the 95th
percentiles.

and PM2.5 9–16 µgm−3) and least variability are seen in the scenario S0 where there are no trees along the boulevard.290

Introducing vegetation along the boulevard increases aerosol mass with both wind directions. Depending on the sce-291

nario and direction of the wind relative to the boulevard, planting trees increases the mean PM10 by 4–123 % (Table292

3) and PM2.5 by 1–72 % (Table 4). The scenario S2C with three rows of trees and smaller outermost trees shows least293

variation (excluding the western side with perpendicular wind) indicating lower peak concentrations when compared294

to the other scenarios. None of the scenarios show systematically lowest or highest concentrations. For example, on295

the eastern side with wind parallel to the boulevard, S2C shows the lowest (30 %) and S1 the highest increase (73 %)296

in PM10 concentrations, but on the western side with perpendicular wind, S2A creates the highest (123 %) and S1 the297

smallest increase (107 %). In general, the highest concentrations are seen on the western and lowest concentrations on298

the eastern side with perpendicular wind due to a canyon vortex that pushes pollutants to the western side.299

Table 3
Relative difference in mean (median in brackets) PM10 (%) concentrations on the pavements compared to
baseline scenario S0 at z = 1.9 m.

WD Side S1 S2A S2B S2C S3

Parallel (8◦) West +71 (+27) +92 (+86) +78 (+85) +63 (+52) +80 (+76)
East +73 (+57) +68 (+55) +52 (+47) +30 (+31) +72 (+64)

Perpendicular (82◦) West +107 (+123) +123 (+146) +108 (+116) +119 (+138) +108 (+122)
East +4 (-1) +12 (+9) +14 (+7) +8 (+8) +14 (+9)

Mean +75 (+63) +88 (+91) +75 (+78) +69 (+72) +79 (+81)
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Figure 6: Hourly total aerosol number concentrations Ntot (# cm−3) at z = 1.9 m on the pavement on the western (a,c)
and eastern (b,d) side of the boulevard with parallel (WD = 8◦, a-b) and perpendicular (WD = 82◦, c-d) wind. See Fig. 5
for details.

Table 4
Relative difference in mean (median in brackets) PM2.5 (%) concentrations on the pavements compared to
baseline scenario S0 at z = 1.9 m.

WD Side S1 S2A S2B S2C S3

Parallel (8◦) West +30 (+7) +44 (+40) +35 (+39) +28 (+23) +40 (+37)
East +30 (+23) +29 (+23) +22 (+20) +12 (+13) +32 (+28)

Perpendicular (82◦) West +63 (+72) +72 (+85) +62 (+66) +71 (+81) +64 (+72)
East +1 (-1) +5 (+4) +5 (+2) +3 (+3) +5 (+3)

Mean +35 (+28) +42 (+43) +35 (+36) +33 (+34) +39 (+39)

If the relative differences of the mean and median values are calculated, S2C shows the lowest concentrations300

relative to the treeless case S0 and increases PM10 by 69 % and PM2.5 by 33 % compared to >75 % and >35 %,301

respectively, in other scenarios. One should notice that besides the tree layout, the street widths are different in scenarios302

S0, S2A, S2B and S2C, S1 and S3 and thus the pure effect of trees can be revealed only by comparing the scenarios with303

the same street-canyon width (S0, S2A, S2B and S2C). The three rows of uniform trees in S2A create the highest mass304

concentrations on the pavements (+88 % and +42 % for PM10 and PM2.5), yet the increase in concentrations is smaller305

when hedges are introduced below the tree canopies in S2B (+75 % and +35 % for PM10 and PM2.5, respectively). The306

effect of trees is stronger on PM10 than on PM2.5 concentrations. Slightly higher mass concentrations are observed in307

S3 (narrower) than in S1 (wider).308

Distinct differences are seen in the effect of the different scenarios on aerosol mass and number. Similar to PM10∕2.5,309

the lowest Ntot are seen in the scenario without trees (S0). On the contrary, all scenarios with trees show a decrease310

in the mean number concentration up to 14 % (Table 5) on the eastern side with perpendicular wind. Otherwise,311
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trees increase the meanNtot by 1–53 %. Again, outside S0 less variance is seen in S2C than in other scenarios but the312

spread in the means and medians among the different scenarios is wider when compared to mass concentrations. As for313

aerosol mass, the largest concentrations are seen on the western side with wind perpendicular to the boulevard. Of all314

scenarios, S1 with four rows of trees and a wider street canyon performs best from the point of view of aerosol number315

concentrations and increases the mean concentrations by 15 % relative to the treeless scenario S0 (other scenarios316

16–21 %). When looking the scenarios with same street canyon width (S0, S2A, S2B and S2C), the lowest Ntot is317

seen with hedges under the outermost trees (in S2B). Also the height variability of trees (in S2C) improves the number318

concentrations when compared to the three rows of uniform trees (in S2A). The influence of trees on aerosol number is319

much less (the maximum difference compared to the treeless scenario 53 %) than those on aerosol mass (the maximum320

difference 120 % for PM10 and 71 % for PM2.5).321

Table 5
Relative difference in mean (median in brackets) Ntot (%) concentrations on the pavements compared to
baseline scenario S0 at z = 1.9 m.

WD Side S1 S2A S2B S2C S3

Parallel (8◦) West +12 (-8) +23 (+19) +16 (+17) +13 (+7) +22 (+18)
East +6 (-1) +9 (+3) +3 (+1) +1 (±0) +12 (+7)

Perpendicular (82◦) West +45 (+51) +53 (+61) +44 (+45) +53 (+60) +48 (+53)
East -14 (-14) -12 (-12) -11 (-12) -7 (-6) -7 (-9)

Mean +15 (+9) +21(+21) +16 (+15) +18 (+17) +21 (+20)

The lowest concentrations observed in S0 are concurrent with, on average, the most effective vertical dispersion322

of aerosol particles (see vertical profiles in Fig. S5-S7). Similarly, the notably low values in S2C on the eastern side323

with perpendicular wind coincide with clearly more effective vertical dispersion (Fig. S5b, S6b and S7b). The relative324

differences in the vertical profiles between the scenarios are larger forNtot than PM2.5 and PM10, which is consistent325

with the spread in the mean values and variation (Fig. 5, 6 and S4).326

To compare the street-tree scenarios without the impact of varying street widths, the relationship between the crown327

volume fraction (CVF, the total tree crown volume divided by that of the entire street canyon; Table 1) and the mean328

concentrations (PM10 and Ntot) on the pavements (Fig. 7) is examined. CVF varies from 0 to 0.19, with the smallest329

non-zero CVF in S2C with variable tree heights and the largest in S1 with four rows of trees and a slightly wider street330

canyon. Note that the difference in CVF between S2A with three rows of uniform trees and S2B with additional hedges331

is only minor. As shown also in Fig. 5-6 and Tables 3-5, concentrations on the pavements are increased when trees332

are introduced to the boulevard (S1-S3), while no systematic increase in concentrations with CVF can be observed333

when only S1-S3 are considered. However, for the concentrations averaged over the whole boulevard, a more evident334

linear relationship (see Fig. S8) between CVF and concentrations when the wind is parallel to the boulevard is revealed335

(R2 = 0.97 and R2 = 0.96 for PM10 and Ntot , respectively). With perpendicular wind, no clear dependence can be336

observed between CVF and concentrations, and Ntot is even shown to decrease with increasing CVF in S1-S3. This337

more complicated pattern with increasing CVF is due to the more effective dry deposition of small aerosol particles338

(dominatingNtot) to vegetation (see Section 3.2).339

3.2. Impact on aerosol size distribution340

Fig. 8 illustrates the relative difference in the mean aerosol size distribution for the scenarios with trees (S1-S3)341

compared to the baseline scenario S0. Size distributions are calculated over the whole boulevard at four heights and342

for both wind directions. In general, introducing street trees leads to up to 50 % lower number concentrations ⟨N⟩ for343

the smallest size bins (diameterDg = 4.8 nm andDg = 12.5 nm) over the whole boulevard, whereas aerosol particles344

in the size ranges 50 < Dg < 500 nm and Dg > 1 µm show a clear increase up to 30 % and 100 % compared to S0,345

respectively. Furthermore, very minor differences are observed in the size range 500 nm < Dg < 1 µm. The impact346

of trees is quickly attenuated above the roof level (z = 23.6 m). The relative differences in aerosol size distributions347

can be explained as a sum of different deposition velocities and size distributions of aerosol emissions: deposition348

velocities are largest for the smallest particles and smallest for particles around Dg = 500 nm (Kurppa et al., 2019),349

and aerosol emissions, compared to the background concentrations, largest for size ranges 10 nm < Dg < 100 nm and350
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Dg > 800 nm (see Fig. S3).351

With parallel wind, S2C shows the smallest and S1 the largest differences compared to S0, while with perpendicular352

wind |Δ⟨N⟩| is generally the smallest in S1. Especially for aerosol particles Dg > 1 µm, Δ⟨N⟩ are higher for the353

parallel than the perpendicular wind direction. Interestingly, ⟨N⟩ for this size range is still noticeable higher above the354

mean building height when the wind is parallel to the boulevard (Fig. 8g). This is observed both for the upwind and355

downwind part of the boulevard (see Fig. S9).356

Comparing CVF and Δ⟨N⟩ for different aerosol size ranges over the whole boulevard shows that for UFP (Dg <357

100 nm), Δ⟨N⟩ decreases with increasing CVF with no systematic difference in wind directions (down to -20 %, see358

Fig. S10) as also seen in Fig. 8. Larger particles, instead, show a systematic increase with CVF, with higher Δ⟨N⟩359

values with parallel wind (up to 65 %).360

3.3. Pollutant ventilation361

The ventilation (or vertical dispersion) of aerosol particles by both the turbulent and mean flow is assessed inves-362

tigating the vertical turbulent flux (Fbin6), the volumetric flow rate across the street canyon per unit length (Q) with363

perpendicular wind, and also the mean (MKE) and turbulent kinetic energy (TKE).364

The mean values and variation of vertical turbulent exchange ⟨Fbin6⟩ (see Eq. 6) over the whole boulevard at two365

heights are shown in Fig. 9 and Table 6. The lower level (z = 14.6 m) is located near the crown top of Tilia × vulgaris366

trees (Fig. 3) and the upper level (z = 23.6 m) around 3 m above the highest buildings (Table 2). With parallel wind367

(Fig. 9a and c), introducing trees to the boulevard increases ⟨Fbin6⟩ at both levels by 13-70 %. On average, ⟨Fbin6⟩ is368

highest in S2C (mean 1.1 × 106 m−2 s−1), in which the flux variation is also lowest. At the lower level, the differences369

between S2A and S2B with additional hedges are very minor (mean increase 38 % and 37 %), while above buildings370

higher values are observed in S2A (mean increase 38 % and 30 %, respectively). ⟨Fbin6⟩ is shown to decrease upwards,371

but still above the roof level the influence of trees and tree layouts is evident with 15-48% higher ⟨Fbin6⟩ in the scenarios372

with trees. Due to wind sweeping pollutants from the southern to the northern end of the boulevard, concentrations373

S Karttunen and M Kurppa et al.: Preprint submitted to Elsevier Page 13 of 21



Large-eddy simulation of the optimal street-tree layout for pedestrian-level aerosol particle concentrations

101 102 103 104
D (nm)

50

0

50

100

N
 (%

)

g)
WD = 850

0

50

100

N
 (%

)

e)

50

0

50

100

N
 (%

)

c)

50

0

50

100

N
 (%

)

a)

101 102 103 104
D (nm)

h)

z =
 1

.9
 m

WD = 82

S1 S2A S2B S2C S3

f)

z =
 8

.6
 m

d)

z =
 1

4.
6 

m

b)

z =
 2

3.
6 

m

Figure 8: Relative difference in the mean aerosol number concentration Δ⟨N⟩ (%) for different tree-layout scenarios
compared to baseline scenario S0 as a function of geometric mean diameter Dg (nm) at different levels z with parallel
(WD = 8◦, left column: a, c, e, g) and perpendicular (WD = 82◦, right column: b, d, f, h) wind. ⟨...⟩ denotes the average
over the whole boulevard.

and hence also fluxes are slightly higher in the northern end (not shown).374

Table 6
Relative difference in hourly mean (median in brackets) ⟨Fbin6⟩ (%) compared to S0 over the whole boulevard
at z = 14.6 m and z = 23.6 m. ⟨...⟩ denotes the average over the whole boulevard.

Wind direction z (m) S1 S2A S2B S2C S3

Parallel 14.6 +14 (+3) +38 (+45) +37 (+45) +70 (+110) +43 (+55)
23.6 +15 (+26) +38 (+62) +30 (+61) +48 (+77) +36 (+61)

Perpendicular 14.6 -65 (-76) -59 (-73) -51 (-66) -50 (-47) -44 (-50)
23.6 +3 (-2) +1 (-9) +6 (-9) +7 (+5) +9 (+3)

With perpendicular wind (Fig. 9b and d), ⟨Fbin6⟩ at the lower level is clearly highest in S0 without trees (mean375

6.3×105 m−2 s−1) and lowest in S1 with four rows of trees (-65 %). Thus, trees disturb the vertical turbulent transport376

from the boulevard with perpendicular wind. Actually, the 25-percentile of ⟨Fbin6⟩ is even negative for S1, S2A and377

S2B indicating entrainment of more polluted air to the street canyon on the eastern side of the boulevard (not shown).378

However, above rooftop the hourly averaged fluxes become very uniform and the impact of trees on the average fluxes379

nearly disappears. Only difference is the slightly lower variation in S1 and S2C.380

For the mean flow transport of aerosols, Fig. 10 shows the pedestrian-level a) ⟨PM10⟩ and b) ⟨Ntot⟩ as a function381
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Figure 9: Hourly vertical turbulent fluxes of aerosol size bin 6 ⟨Fbin6⟩ (m−2 s−1, geometric mean diameter Dg = 303.3 nm)
averaged over the whole boulevard with parallel (WD = 8◦, left column: a, c) and perpendicular (WD = 82◦, right column:
b, d) wind. Flux is calculated at two heights: z = 14.6 m and z = 23.6 m. Black plus signs are mean values, red dashed
lines medians, the lower and upper limit of the boxes 25th and 75th percentiles and whiskers the 95th percentiles. Notice
the different y-axis in the subplots. ⟨...⟩ denotes the average over the whole boulevard.

of Q only with perpendicular wind. Q, representing the magnitude of the mean circulation, is the largest (5.6 m2 s−1)382

when there are no trees in the street canyon (S0) and the smallest (4.3 m2 s−1) in S2A with three rows of trees. Of383

all scenarios with trees, S2C has the largest Q. Both concentrations decrease with increasing Q showing how the384

mean flow effectively transports aerosol particles away from the boulevard. The relationship is stronger for PM10385

with R2 = 0.66, while no clear correlation can be observed between Q and Ntot (R2 = 0.18). Hence, for Ntot other386

processes than the magnitude of the average circulation are also important. This agrees with the findings in Section 3.2,387

which shows how the dry deposition is more effective for the smaller particle size ranges.388

To further assess the relationship of the mean flow and turbulence with ventilation, pedestrian-level ⟨PM10⟩ is389

analysed as function of ⟨MKE⟩ and ⟨TKE⟩ at several heights (Figs. 11 and 12). Generally, larger ⟨MKE⟩ values390

are observed with wind parallel to the boulevard than with perpendicular wind. Also, the mean ⟨MKE⟩ within the391

street canyon is clearly largest in S0, which can be expected as trees act as momentum sinks. With parallel wind,392

the pedestrian-level ⟨PM10⟩ shows negative linear relationship with ⟨MKE⟩, especially with ⟨MKE⟩14.6 m. Instead,393

no linear relationship between ⟨MKE⟩ and ⟨PM10⟩ can be observed with perpendicular wind and all scenarios with394

trees show nearly equal ⟨MKE⟩ values. But as shown above, increasing Q, which specifically measures the mean395

circulation under perpendicular wind, is shown to decrease pedestrian-level concentrations (Fig. 10). Similar behaviour396

between ⟨PM10⟩ and ⟨MKE⟩ is observed also when focusing only on concentrations on the pavements, except that the397

relationship is slightly weaker (see Fig. S11 ans S12). Furthermore, results are also alike forNtot (see Fig. S13-16).398

The relationship of ⟨TKE⟩ and ⟨PM10⟩ is more complicated (Fig. 12). In general, trees decrease TKE as also399

shown in Santiago et al. (2019). No linear relationship between ⟨TKE⟩ and ⟨PM10⟩ can be observed with parallel400

wind, whereas with perpendicular wind ⟨PM10⟩ is shown to systematically decrease with increasing ⟨TKE⟩. With401

parallel wind, ⟨TKE⟩ is clearly highest in S2C and around threefold compared to S0 at z = 14.6 m, which corresponds402
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Figure 10: Hourly a) ⟨PM10⟩ (µgm−3) and b) ⟨Ntot⟩ (# cm−3) averaged over the whole boulevard at the pedestrian-level as
a function of Q (the volumetric flow rate across the street canyon per unit length) for perpendicular wind conditions. The
grey dashed lines are linear least squares fits and the blue areas represent the 95% confidence intervals of the fitted lines
obtained using the bootstrap method with 10, 000 bootstrap samples. ⟨...⟩ denotes the average over the whole boulevard.

to the highest ⟨Fbin6⟩ values (Fig. 9a). Thus, with both wind conditions trees create mechanical turbulence and convert403

mean flow kinetic energy to the energy of the turbulent flow. Also in other scenarios with trees, ⟨TKE⟩ becomes larger404

than in S0 at z = 14.6 m. Interestingly, ⟨TKE⟩ is constantly highest in S0 with perpendicular wind.405

4. Discussion406

The few previous CFD studies combining the aerodynamic impact of vegetation and dry deposition agree with our407

result that the dry deposition has a minor effect on aerosol concentrations compared to the aerodynamic impact. Here,408

we show a mean increase of 69–88 %, 33–42 % and 15–21 % for PM10, PM2.5 and Ntot on the pavements, respec-409

tively, which falls within the wide range of those of previous studies (Abhijith et al., 2017). Moreover, a nearly linear410

relationship between PM10 and CVF has also been reported by Gromke et al. (2016) using neighbourhood-averaged411

normalised concentrations at z = 2 m. In our case the linearity was less pronounced. The hedges in S2B lead to on412

average 5–7 % lower pedestrian-level concentrations over pavements compared to S2A, which corresponds to previous413

findings in Vos et al. (2013) and Gromke and Ruck (2012) also including dry deposition. On the contrary, Gromke414

et al. (2016) showed opposing results with discontinuous hedge rows. Nevertheless, the results are not fully compa-415

rable given the site-specific impacts of vegetation configuration as well as the inclusion of size-dependent deposition416

velocity and also the outperformance of LES compared to RANS.417

Of the studies scenarios, the most efficient mitigation method for pedestrian-level aerosol mass concentrations over418

pavements is variable tree height in the middle and outermost rows of trees (scenario S2C) and for aerosol number four419

rows of trees (S1). Based on our results, S2C optimises the ventilation of the boulevard by the mean flow when wind is420

perpendicular to the street and by turbulence when wind is parallel to the street. Thus, we claim that slightly different421

processes control the street-canyon ventilation with different wind conditions. In general, with parallel wind, trees422

increase the turbulent transport of aerosol particles in the street canyon whereas with perpendicular wind, trees disturb423

the natural ventilation of the street canyon. Besides ventilation, the highest CVF in S1 results in the most effective dry424

deposition and lowest number concentrations. In addition to hedges in S2B, results on S2C indicates that lowering the425
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Figure 11: The relationship between the mean kinetic energy ⟨MKE⟩ (m2 s−2) at different heights and ⟨PM10⟩ (µgm−3) at
z = 1.9 m averaged over the whole boulevard with parallel (WD = 8◦, left column: a, c, e) and perpendicular (WD = 82◦,
right column: b, d, f) wind. ⟨...⟩ denotes the average over the whole boulevard.

vegetation mass closer to the emission source can be beneficial for ventilation and/or dry deposition.426

In all scenarios, dry deposition is observed to be important only for smallest particles. This was also shown in Tong427

et al. (2016), which investigated the impact of roadside vegetation barriers on pollutant dispersion and dry deposition.428

However, both this study and Tong et al. (2016) used the parametrisation by Zhang et al. (2001), which is claimed to429

overestimate dry deposition for submicron aerosol particles (Petroff and Zhang, 2010). Hence, more sensitivity tests430

as well as further work to improve the parametrisations, especially in local scale modelling, is required.431

As for the quantitative analysis, the modelled situation represents a dry, spring-time morning rush hour in an urban432

neighbourhood in a northern country, where studded tyres are applied in winter. These initial conditions lead to high433

PM10 concentrations with peaks >300 µgm−3, which are up to 6–7-fold compared to PM2.5. Nevertheless, the hourly434

averages are comparable with generally observed values (Kauhaniemi et al., 2011).435

One of the main limitations of the study stems from the number of scenarios and inflow conditions investigated,436

which is restricted by the computational resources. Previous CFD studies have mainly applied RANS, which can be437

several orders of magnitude less expensive than LES. Still, we chose LES for its outperformance over RANS especially438

in urban areas (Tominaga and Stathopoulos, 2011). Given the computational costs of roughly 1000 CPU days per439

simulation (Section 2.3), we chose not to include any additional street-tree layouts above the realistic-ones given by440

the City of Helsinki. The limited number of scenarios limits the generalisation of the results with a wide range of441

street-tree layouts. Also, this study focused on the aerodynamic impact of trees on the flow, neglecting their shading442

and thermal impact. Also the biogenic volatile organic compounds are not considered and they will complicate the443

situation further by participating to aerosol particle formation and growth. Furthermore, vehicle-induced turbulence444

(VIT) is omitted as no efficient VIT parametrisation for neighbourhood-scale LES is currently available.445

5. Conclusions446

The purpose of this study was to understand the net effect of street trees on pedestrian-level aerosol particle met-447

rics in a boulevard-type street canyon, and to find out which of the studied street-tree layout scenario minimises the448

concentrations over pavements and maximises vertical transport in the boulevard. We use the large-eddy simulation449
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Figure 12: The relationship between the turbulent kinetic energy ⟨TKE⟩) m2 s−2) at different heights and ⟨PM10⟩ (µgm−3)
at z = 1.9 m averaged over the whole boulevard with parallel (WD = 8◦, left column: a, c, e) and perpendicular (WD = 82◦,
right column: b, d, f) wind. ⟨...⟩ denotes the average over the whole boulevard.

model PALM which allows treatment of permeable trees and includes a detailed aerosol particle module allowing450

for diameter-dependent dry deposition on vegetation and other surfaces. Two different wind directions, parallel and451

perpendicular to the boulevard, are examined.452

Introducing trees to the street canyon increases aerosol mass concentrations over the pavements (PM10 by 4–123 %453

and PM2.5 by 1–72 %) which to some degree is found to correlate with the relative volume of total vegetation (CVF)454

in the street canyon. Also, the aerosol number concentrations mainly increase (-14–53 %) but as smallest particles455

have the highest deposition velocities, even a negative relationship with CVF can be observed. Up to 50 % lower456

number concentrations of the smallest aerosol size bins are observed at pedestrian-level when trees are present in the457

street space. These contradictory results for different aerosol sizes emphasise the importance of taking into account458

size-dependent dry deposition velocities and analysing also the smallest particles, which are the most harmful. Trees459

in the street space weaken the natural ventilation of the boulevard with wind perpendicular to the boulevard which can460

be seen as reduced circulation of the canyon vortex and MKE. At the same time, trees enhance TKE and the vertical461

turbulent transport of aerosol particles also well above the roof level with parallel wind. The influence is opposite462

within the street canyon and very minor above the roof level with perpendicular wind.463

Of all scenarios with trees, the lowest mass concentrations over pavements are observed in S2C (three rows of464

trees with smaller outermost trees) with parallel wind and S1 (four rows of trees) with perpendicular wind. For aerosol465

number, lowest concentrations are observed in S1. Generally, S2C displays smallest concentration variability as well466

as highest vertical turbulent transport and TKE, but also weakest dry deposition. Hedges below the outermost rows of467

trees in S2B were not shown significant (5–7 % decrease) for the pedestrian-level aerosol particle concentrations over468

pavements.469

This study demonstrates how LES can be used to aid urban planning when designing new and developing present470

neighbourhoods. Including permeable vegetation and size-dependent dry deposition will provide more realistic de-471

scription of the mechanisms of urban form in contributing to local air pollution distributions. The results obtained in472

this study are not directly transferable to all kinds of urban vegetation but rather only to those on wide boulevard type473

street canyons. More work in future is needed to comprehensively understand the complex nature of urban vegetation.474
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Research highlights 
 

”Large-eddy simulation of the optimal street-tree layout for pedestrian-level aerosol particle 

concentrations -- A case study from a city-boulevard” by S. Karttunen and coauthors. 

 

• Street trees weaken pollutant dispersion but also enhance removal by dry 

deposition. 

• Aerosol dispersion and size-specific dry deposition are studied within urban LES. 

• Generally street trees increase street-level PM10 by 123 % and number by 52 %. 

• The relative importance of these processes depends on the aerosol size. 

• Variation in street-tree height promotes TKE and turbulent pollutant transport. 
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