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Abstract

Dry deposition is an important process determining pollutant concentrations,
especially when studying the influence of urban green infrastructure on particu-
late matter (PM) levels in cities. Computational fluid dynamics (CFD) models
of PM capture by vegetation are useful tools to increase their applicability. The
meso-scale models of Zhang et al (2001) and Petroff and Zhang (2010) have often
been adopted in CFD models, however a comparison of these models with mea-
surements including all PM particle sizes detrimental to health has been rarely
reported and certainly not for green wall species. This study presents dry depo-
sition experiments on real grown Hedera helix in a wind tunnel setup with wind
speeds from 1 to 4 m s−1 and PM consisting of a mixture of soot (0.02 - 0.2 µm)
and dust particles (0.3 - 10 µm). Significant factors determining the collection
efficiency (%) were particle diameter and wind speed, but relative air humidity
and the type of PM (soot or dust) did not have a significant influence. Zhang’s
model outperformed Petroff’s model for particles < 0.3 µm, however the inclu-
sion of turbulent impaction in Petroff’s model resulted in better agreement with
the measurements for particles > 2 - 3 µm. The optimised model had an overall
root-mean-square-error of ∼ 4% for collection efficiency (CE) and 0.4 cm s−1 for
deposition velocity (vd), which was shown to be highly competitive against pre-
viously described models. It can thus be used to model PM deposition on other
plant species, provided the correct parameterisation of the drag by this species.
A detailed description of the spatial distribution of the vegetation could solve the
underestimation for particle sizes of 0.3 - 2 µm.
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1 Introduction

The World Health Organisation (WHO) recently concluded that adverse health effects

from exposure to PM occur at even lower concentrations than previously thought.

Research on the health effects of PM exposure is complex due to the heterogeneous

composition and dynamic nature of PM, as it continues to undergo chemical and phys-

ical transformations in the atmosphere. There is a consensus to classify PM by its

aerodynamic diameter, because it determines transport and removal processes, into

fine PM (PM2.5) and coarse PM (PM10) with an aerodynamic diameter smaller than

2.5 and 10 µm, respectively. The updated air quality guidelines by the WHO recom-

mend a reduction of the annual averages from 10 to 5 µg m−3 for PM2.5 and from 20

to 15 µg m−3 for PM10. The 24-hour limits with a permissible exceedance of 3 - 4 days

per year were also reduced, albeit to a lesser extent. Inhaling high levels of PM above

the WHO limit values can lead to cardiovascular disease, respiratory diseases, and can-

cer, leading to premature deaths (EEA, 2022; WHO, 2021). In addition, exposure to

ultrafine PM (PM0.1) (< 0.1 µm) is a concern, as it is primarily related to combustion

processes that surround us all. Moreover, they are much more toxic than larger PM

fractions, since these ultrafine particles can penetrate the respiratory tract with high

efficiency and are carrying greater amounts of harmful metals and organic compounds

due to their higher specific surface area (Kwon et al, 2020; WHO, 2021). Urban green

infrastructure (UGI) has been proposed as short-term strategy against PM pollution

opposed to long-term PM emission reductions in urban settings. Large available wall
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area makes green walls easier to implement in cities than other forms of UGI, such as

trees and shrubs. Green walls, opposed to green roofs, are located right next to traf-

fic, which is one of the main sources of PM0.1 (Kwon et al, 2020) and a significant

source of PM2.5 and PM10 emissions (EEA, 2022). Furthermore, they do not aggra-

vate air quality such as can be seen for trees in street canyons (Abhijith et al, 2017;

Janhäll, 2015; Tomson et al, 2021; Ysebaert et al, 2021). Important in the deposition

potential of a green wall is the vegetation-wind interaction. The aerodynamic effect

is mainly related to vegetation density and leaf morphological characteristics (Huang

et al, 2013; Koch et al, 2019; Ysebaert et al, 2022). In addition, PM deposition is

determined by the leaf surface properties, e.g. presence of trichomes, leaf-wax content

or chemical composition and structure of the epicuticular wax (Leonard et al, 2016;

Muhammad et al, 2019; Paull et al, 2019). A distinction is made between the transfer

of a particle from an air stream to a solid surface with (wet) and without (dry) the

aid of precipitation. Dry deposition is governed by gravity, Brownian motion, direct

interception and impaction, and its magnitude depends on the particle’s properties.

Ultrafine particles (PM0.1) undergo deposition mainly by Brownian diffusion, but this

process becomes negligible for particles greater than 1 µm. Interception and impaction

become evident for fine and coarse PM, while sedimentation becomes dominant for

particles larger than 8 µm. None of the particle capture mechanisms is efficient for

particle sizes between 0.1 and 2 µm (Beckett et al, 2000; Pryor et al, 2008).

The study of dry particle deposition is of great importance, because it is a contin-

uous process that determines pollutant concentrations and is therefore an important

aspect in air quality modelling. A key concept is the deposition velocity, vd (m s−1),

and is defined as the ratio of the pollutant flux towards the surface and the atmospheric

particle concentration. Many studies have investigated the numerical modelling of dry

deposition on UGI and the models are mainly based on the model described by Zhang

et al (2001) (Hashad et al, 2023; Lin et al, 2012; Steffens et al, 2012; Tong et al, 2016)
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or the model described by Petroff and Zhang (2010) (Amicarelli et al, 2021; Katata

et al, 2014; Š́ıp and Beneš, 2017; Steffens et al, 2012). Although these models were

developed for larger forest canopies at the meso-scale level, they have been adopted

for micro-scale models as well. Steffens et al (2012) compared both models with PM0.1

measurements behind a row of trees near the road and found better agreement with

the Zhang et al (2001) model. Nonetheless, both models showed substantial devia-

tions for particle sizes below 50 nm and even more discrepancies were observed when

the flow field was not well resolved. On the other hand, including turbulent impaction

in the Petroff and Zhang (2010) model resulted in better agreement with wind tun-

nel measurements for particle sizes between 0.1 and 1 µm (Š́ıp and Beneš, 2017).

This demonstrates that a comparison of the models over a wide particle size range

is needed to improve pollutant dispersion models. Hereto, wind tunnels are valuable

setups for validation data. Current wind tunnel experiments used PM surrogates like

salt (Ould-Dada, 2002; Beckett et al, 2000; Freer-Smith et al, 2004) or oil droplets

(Shen et al, 2022), or they only looked at PM0.1 generated with a flame (Lin et al,

2012; Hwang et al, 2011; Huang et al, 2013). Moreover, most research has focused on

tree species and the PM reducing potential of green wall species remains unknown.

This study presents dry deposition experiments on the climbing species Hedera helix

in a wind tunnel setup that could generate wind speeds from 1 up to 4 m s−1, corre-

sponding to Beaufort classes 1 to 3, and to which lab-scale generated PM was added.

The PM consisted of a mixture of soot particles, produced by a combustion process

in the range 0.02 to 0.2 µm, and Arizona fine test dust with a particle size between

0.3 and 10 µm. The particle concentrations and particle size distribution were varied.

This wind tunnel study is one of the few that examines PM deposition on vegetation

of all particle size ranges important in health studies, namely from 0.01 to 10 µm.

In this way, relationships could be established between the amount of deposition and

particle size, fine dust concentration, type of particulate matter (soot or sand), wind
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speed and relative humidity. Second, the dataset was used to compare the often cited

models of Zhang et al (2001) and Petroff and Zhang (2010) so that the models are vali-

dated for a more complete PM size range. Moreover, from previous research (Ysebaert

et al, 2022), the optimised drag parameters describing the complex vegetation-wind

interaction were introduced and revalidated. This ensured that model errors were not

propagated to the dispersion model. In the end, an optimised dry deposition model

was proposed including the best features of the models of Zhang et al (2001) and

Petroff and Zhang (2010). With this optimised model, we will be able to better esti-

mate how to implement green walls and, by extension, other forms of UGI in the city

to address problematic PM levels.

2 Materials and methods

2.1 Wind tunnel experiments

2.1.1 Setup

PM deposition was investigated in an open-circuit wind tunnel with a square test

section of 0.5 x 0.5 m2 and a length of 1 m (Figure 1). At both sides of the test section

a diffuser was placed going from a square to a circular pipe of 0.315 m. The upwind

end of the wind tunnel was connected to the outdoor air, with an intermediate region

housing a honeycomb and screens, situated between the test section and the inlet. An

hexagonal honeycomb with a cell length-to-diameter of 9.4 and a porosity of 0.9944

(Corex Honeycomb, Encocam Ltd) was introduced in the wind tunnel to straighten

the flow. Stainless steel woven mesh screens (Omnimesh) with cell sizes of 0.1 mm

were placed at both sides of the honeycomb, and a finer mesh with 0.055 mm cell size

behind the honeycomb, to improve axial flow uniformity. The upwind end of the test

section was connected to an extraction ventilator (MPS 355 EC 30, Ruck) that pulled

air through the test section. Three different wind speeds were investigated and were
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obtained by changing the flow rate of the ventilator and comparing the wind speed

at the inlet of the test section. The in- and outlet were facing away from each other

to prevent mixing of the in- and outlet flows. The selected free stream wind speeds

were 1.1, 2.2, and 4.3 m s−1, falling in the middle of Beaufort wind speed classes 1

to 3, respectively (Dulbari et al, 2017) (Table 1). During the experiment, wind speed

was measured at the in- and outlet of the test section in both the y- and z-direction

with a hot wire anemometer (PCE-009, PCE Instruments) which had a measuring

range from 0.02 to 20.0 m s−1 with an accuracy of 5%. The log-Tchebycheff traverse,

consisting of 7 points, was used to obtain the mean wind speed (Legg, 2017).

z
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Fig. 1 Open-circuit wind tunnel setup with 1, the inlet connected to the outside, 2, the inlet of
lab-scale generated PM, 3, the honeycomb-screen combination, 4, the test section, 5, the extraction
ventilator and 6, the outlet of the wind tunnel to the outside. The measurement points are also shown
with, dP , the differential pressure, Uin and Uout, the in- and outgoing wind speed measured with a
hot wire anemometer at different heights, and Cin and Cout, the in- and outgoing PM concentration
measured with an optical particle sizer and a scanning mobility particle analyser.

Table 1 Overview of the wind speeds and their associated Beaufort scale at which PM deposition
was tested. The effect on vegetation for each Beaufort scale is also provided (Dulbari et al, 2017).

Beaufort number Description Beaufort wind
speed (m s−1)

Effect

1 Light air 0.3 - 1.5 Smoke drifts, leaves are motionless

2 Light breeze 1.6 - 3.3 Leaves rustle

3 Gentle wind 3.4 - 5.4 Leaves and small twigs in constant motion

Lab-scale generated PM was inserted in the wind tunnel at location 2 on Figure 1.

To investigate a broad range of particle sizes, a miniCAST Real Soot Generator (5201

Type C, Jing AG) and a Dust Aerosol Generator (3410U, TSI Incorporated) were
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simultaneously employed to generate ultrafine particles (UFP) and fine and coarse

PM, respectively. PM concentration and size distribution were detected with a scan-

ning mobility particle sizer (SMPS) (3938, TSI Incorporated) for a particle size range

of 0.01 to 0.3 µm and an optical particle sizer (OPS) (3300, TSI Incorporated) for par-

ticles with a size between 0.3 and 10 µm. The same measurement locations as for the

wind speed were used. A miniCAST generated soot particles by propane (C3H8) com-

bustion that takes place through oxidation at the flame front. The generated particles

are consequently quenched and stabilised by a continuous flow of N2 gas and diluted

with compressed air. It has been demonstrated that generated soot can be used as a

surrogate for real-world soot particles, because of its black carbon content matching

with engine exhaust soot (Maricq, 2014; Moore et al, 2014; Saffaripour et al, 2017).

Different particle size distribution (PSD) were obtained by changing the flow rate of

the quenching gas N2. The particle concentration was dependent on the N2 flow rate

and the applied flow rate in the wind tunnel setup, since it determined the amount

of dilution. Three different miniCAST settings, designated as a, b, c, were tested and

they differed in the particle mean diameter and concentration (Table 2). It can be seen

that the particle mean diameter of the three settings decreased from setting a to c,

and, therefore, it was decided to retain the particle diameters of each setting with the

highest PM concentration to obtain a single dataset for soot. It can be observed from

Table 2 that setting b and c correspond with the characteristics of typical diesel par-

ticles, namely agglomerates consisting of mainly spherical primary particles of around

0.015 – 0.040 µm (Burtscher, 2005). A dust aerosol generator (3410U, TSI Incorpo-

rated) was used to generate PM with a particle diameter larger than 0.3 µm. The

device makes use of a nozzle that is fed with tiny amounts of the powder via a rotat-

ing ring and subsequently disperses and de-agglomerates the powder into a carrier air

stream directed to the wind tunnel. Arizona fine test dust, A1 Ultrafine (fiatec - Fil-

ter & Aerosol Technologie GmbH) was used as a representative for urban PM. The
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test dust was already used to study filter performance following ISO standard 12103

(12103-1, 2016). Three different particle concentrations were generated, namely 50,

100 and 150 µg m−3. These were also designated as setting a, b and c, since they were

added to the wind tunnel air flow together with the soot particles of the matching

miniCAST setting. This was justified, because the PSD of both generators did not

overlap. 50 µg m−3 was chosen as lowest concentration, since it is the previous daily

mean threshold value reported by the WHO (recently updated to 45 µg m−3) (WHO,

2021). The higher PM10 concentrations were selected to study the impact of elevated

concentrations on the deposition process.

Table 2 The three test settings investigated with each a different particle size distribution
(PSD) for PM0.1 and PM10 generated with the miniCAST (5201 Type C, Jing AG) and
Dust Aerosol Generator (3410U, TSI Incorporated), respectively, with each a specific mean
particle concentration, N (cm−3 or µg cm−3) and mean particle diameter, d̄p (µm) for all
three Beaufort classes under study.

Beaufort Setting d̄p,PM0.1 (µm) N,PM0.1 (cm−3) d̄p,PM10 (µm) N,PM10 (µg cm−3)

1 a 0.109 ± 0.001 (6 ± 1)e5 2.9 ± 0.1 51.12 ± 0.09

2 a 0.107 ± 0.008 (3.3 ± 0.6)e5 2.8 ± 0.1 49.83 ± 0.07

3 a 0.104 ± 0.008 (1.1 ± 0.2)e5 3.7 ± 0.1 58.3 ± 0.1

1 b 0.055 ± 0.004 (10 ± 3)e5 2.9 ± 0.1 129.4 ± 0.2

2 b 0.052 ± 0.004 (4 ± 1)e5 2.9 ± 0.1 109.7 ± 0.1

3 b 0.049 ± 0.002 (1.8 ± 0.4)e5 3.75 ± 0.08 121.2 ± 0.1

1 c 0.032 ± 0.001 (2.8 ± 0.7)e6 3.3 ± 0.1 179.8 ± 0.3

2 c 0.030 ± 0.003 (2.0 ± 0.3)e6 3.60 ± 0.09 155.2 ± 0.2

3 c 0.028 ± 0.004 (2.8 ± 0.6)e6 3.9 ± 0.1 163.8 ± 0.3

2.1.2 Treatments

The different treatments are related to the filling of the test section, the wind speed in

the wind tunnel and the particle generators’ settings. Hedera helix (common ivy), was

grown in a planter of 0.2 x 0.5 x 0.1 m3 and was attached with steel wire to a trellis of

40 mm mesh size and 4 mm rod diameter ensuring a homogeneous coverage (Figure

2, left). The planter was placed in the middle of the plants section and ramps were

installed to guide the flow through the vegetation (Figure 2, right). The same planter

with H. helix was used for all experiments and it was subjected after each experiment
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to a constant air flow without addition of PM to remove easily detachable particles

from the leaf surfaces.

Fig. 2 Left: Detailed picture of H. helix facing the air stream in the wind tunnel setup, illustrating
the realistic arrangement of the climber (in terms of coverage and growth depth). Right: the planter
grown with H. helix in middle of the test section with ramps guiding the air flow at both sides.

The leaf area density (LAD) (m2 m−3) was determined to account for the vegeta-

tion in the airflow model. To this end, leaf area (LA) was measured for 10 randomly

selected H. helix leaves with a leaf area meter (Li-3000, LiCor Biosciences) and

amounted to (28.8 ± 0.1)·10−4 m2. LAD was subsequently calculated as: LAD =

LA · N · V −1 with LA, leaf area (m2) , N , the number of leaves and V , the volume

of the vegetation, which is set equal to the volume in line with the planter (0.2 x 0.5

x 0.4 m3). It resulted in an LAD of 12.3 ± 0.1 m2 m−3. In addition, pictures were

taken with a Canon Eos 500D camera and processed with ImageJ (version 1.53K) to

calculate the characteristic obstacle length, l (m), a parameter that is required in the

deposition model. For broadleaves, the obstacle length equals the leaf width (Petroff

et al, 2009) and was 3 ± 2 cm for H. helix.

2.1.3 Data analysis

The measured concentration (C) of particles of a given diameter (i) averaged along

the traverses at the entrance and exit of the test section of the wind tunnel, was used

to calculate a collection efficiency, collection efficiency (CE). This is the difference

between the incoming and outgoing PM concentration, normalised by the incoming
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concentration (eqn. 1) for a particular particle size i. The calculated CE was used in a

linear mixed model (LMM) to analyse the influence of H. helix compared to an empty

wind tunnel on the measured particle concentration. The test case (planter without

or with H. helix inside), the incoming wind speed (U), the incoming relative humidity

(RH), the incoming particle concentration and the source of the particles (miniCAST

or Dust Aerosol Generator) were set as fixed effects and one particular run as random

effect to account for unmeasured environmental conditions. Before running the LMM

test, outliers were detected based on a standardised score. Outliers with a standardised

score (in absolute value) greater than 4, a strict threshold required for large datasets

(Hair et al, 2014), were removed from the dataset. Non-significant interactions between

the fixed factors were found using the Akaike Information Criterion (Sakamoto et al,

1986) and then removed from the model. In addition, a corrected collection efficiency

(CEcor) was calculated to obtain only the influence of vegetation on an airflow enriched

with PM. It thus corrects for the amount of PM deposition on the walls of the wind

tunnel and the empty planter by subtracting the collection efficiency of the empty wind

tunnel from the incoming concentration measured with H. helix in the test section and

is referred to as a corrected incoming PM concentration (Cin,cor). With Cin,cor, CEcor

was calculated in a similar manner to CE for a given particle diameter (i) averaged

along the traverses at the entrance and exit of the test section (eqn. 2). Relationships

between the incoming RH, PM concentration, wind speed and CEcor were sought

with another LMM study. Cin,cor was used as input to the dispersion model, as the

deposition of PM on the wind tunnel walls was not included in this model.

CEi = 1− Ci,out

Ci,in
(1)
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CEi,cor = 1− Ci,out

Ci,in · (1− CEi,empty)
(2)

= 1− Ci,out

Ci,in,cor

Many studies report PM deposition to vegetation in terms of a deposition velocity

(vd) (m s−1). It was computed following Hwang et al (2011) with the obtained CEcor,

the incoming air flow rate, Qa (m−3 s−1), LA (m2), leaf area of a H. helix leaf, and

N , the total number of H.helix leaves as follows:

vd,i =
Qa

LA ·N
· CEi,cor (3)

Both the corrected collection efficiency and deposition velocity will be compared with

the output of a 3D dry deposition model, which is outlined in the next section.

2.2 Numerical model

2.2.1 Air flow model

Air flow in the wind tunnel setup was modelled with the 3D incompressible, steady

Reynolds-averaged Navier-Stokes (SRANS) equation together with the continuity

equation using the Wilcox revised k-ω turbulence model for the Reynolds stress ten-

sor (Wilcox, 2008) with the Boussinesq eddy viscosity assumption (i.e. linear relation

between the Reynold stresses and the mean strain rate tensor). The equations were

computed with a finite element method using Comsol Multiphysics™(version 6.1).

The flow conditioners were included in the model by adapting the momentum and/or

turbulence equations. The pressure drop created by the honeycomb was represented

by the Darcy-Forchheimer relation (Mattis et al, 2012) and the parameters were

obtained from pressure-velocity measurements across the section of the flow condi-

tioners. This methodology was already applied and validated for filter layers in a CFD
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model (Roegiers and Denys, 2019; Ysebaert et al, 2022). The hydraulic permeability

and Darcy-Forchheimer parameter were 2.01·10−6 m2 and 10 m−1, respectively. The

screens were assumed in the model as surfaces since their width is small compared

with the resolved length-scales of the flow field. Empirical relations derived for square

meshes were used that link the screen’s resistance to its porosity and the screen’s

attenuation of the turbulence kinetic energy to a dimensionless refraction coefficient,

which in turn is related to its resistance (Roach, 1987).

Additional terms were added to these equations at the wind tunnel section with

vegetation. The effect on air flow of the introduced vegetation in the wind tunnel

was modelled by considering both viscous forces (viscous drag, represented by the

permeability (K)) and pressure forces (form drag, represented by the sectional drag

coefficient (Cd)) created by the vegetation elements. Both drag forces give rise to a

momentum sink, Su, defined in equation 4). To this end, vegetation was regarded as

a uniform, porous medium and its effect on fluid flow was modelled on average for

this volume. The amount of vegetation was introduced as leaf area density (LAD, m2

m−3), which is the one-sided leaf area per unit volume. In addition, the drag force

created by plants gives rise to source and sink terms in the k and ω equations, which

come with additional model coefficients which need to be defined carefully (Zeng et al,

2020). The assumptions of Sogachev (2009) were assumed, given in equations 5 and

6, for the vegetation terms in k and ω, respectively.

Su = − µ

K
u− ρLADCdUu (4)

Sk = 0 (5)
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Sω = −ρLADCdCω5βdUω (6)

with u (m s−1), the wind velocity vector (vectors are shown in bold in the equations

provided in this article), U (m s−1), the spatially averaged wind speed (U = (uiui)
0.5),

µ (Pa s), the dynamic viscosity, ρ, the air density (kg m−3), LAD (m2 m−3), the

leaf area density, K (m2), the permeability of the plant material, and Cd, the average

sectional drag coefficient. The vegetation specific model constants Cω5 and βd were

(0.52 − β) and 1, respectively. β is a model constant of the k-ω model itself. This

vegetation model was used by Ysebaert et al (2022) to find K and Cd of three climber

species with a parameterisation study linking the modelled output with experimentally

determined pressure-velocity data for a wide range of mean wind speeds from 0.04 ±

0.01 to 3.81 ± 0.04 m s−1 corresponding with Reynolds numbers from 3·103 up to

2.5·104. The obtained relationship between K or Cd for H. helix with a LAD of 13.31

± 0.01 m2 m−3 was used, since it approximates H. helix of this study. The resulting

values of K and Cd are given in Table 8 (Appendix A) and were calculated with the

mean wind speed approaching the plants. This wind speed was calculated from the

measured mean wind speed at the entrance of the test section (Uin on Figure 1),

assuming a constant flow rate. The temperature (T) and RH of the incoming air flow

are also provided in Table 7 (Appendix A). It is observed that K approximated the

dynamic viscosity of air and, therefore, viscous drag was negligibly small compared

with form drag for all investigated Beaufort classes.

2.2.2 Particle dispersion

Particle dispersion in the wind tunnel was simulated with the time-averaged mean

scalar continuity equation for particles:

ū · ∇c = (Dm +Dt)∇2c̄− ∂

∂z
vsec̄±

ce,t∑

n=1

R̄n (7)
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with c (# cm−3), the particle concentration and u (m s−1), the wind velocity in the x-,

y- and z-direction. The particle concentration flux (left hand side of eqn. 7) equals, in

order of appearance on the right hand side, the sum of: diffusion, gravitational settling,

represented by the sedimentation velocity (vse, m s−1), and a reaction rate term,

Rn, involving deposition and resuspension in this research (see section 2.2.3). Particle

movement by diffusion included both molecular and turbulent diffusivity, represented

by their coefficients Dm (m2 s−1) and Dt (m2 s−1), respectively. Dm was calculated

with the slip-flow corrected Stokes-Einstein equation for spherical particles as follows:

Dm,i =
kBT

3πµdp,i
Cc,i (8)

with kB (1.380649·10−23 J K), the Boltzmann constant, T (K), the absolute temper-

ature, µ (Pa s), the dynamic viscosity of air, dp (m), aerodynamic diameter of the

particle, and Cc (-), the Cunningham slip correction factor. The latter is given as:

Cc = 1 + 2 λa

dp,i
(1.257 + 0.4e

−1.1·dp,i
2·λa ). The particle turbulent diffusivity was calculated

as:

Dt =
νt

Sct
(9)

with νt (m
2 s−1), the turbulent kinematic viscosity and Sct (-), the turbulent Schmidt

number, a measure for turbulent mixing. It was already acknowledged that the value

of Sct is determining the accuracy of the concentration field profoundly and its value

ranges between 0.3 - 1.5 depending on the configuration (Gromke and Blocken, 2015;

Petroff et al, 2009). As this study does not aim to study the influence of Sct, the

default value of 0.7 was adopted. Equation 7 was discretised using a finite element

scheme with a quadratic truncation.
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2.2.3 Particle deposition

The study entailed particles from ultrafine to coarse size range, so all PM deposition

mechanisms by which PM can be deposited on the leaves of green wall species had

to be included in the reaction term Rn of equation 7. The different mechanisms that

play a role are sedimentation, Brownian diffusion, interception, inertial impaction, and

turbulent impaction. The total deposition velocity, vd, represents the superposition of

all these mechanisms and corresponds to the deposition velocity calculated with the

PM concentration and wind speed measurements (eqn. 3). The reaction term, Rn, is

then expressed as:

Rn = −LADvdc (10)

= −LAD(vse + vbd + vin + vim + vti)c

with LAD (m2 m −3), the leaf area density, vd (m s−1), the total deposition velocity, c

(# cm−3), the particle concentration, vse (m s−1), sedimentation velocity, vbd (m s−1),

Brownian diffusion velocity, vin (m s−1), interception velocity, vim (m s−1), impaction

velocity, and vti (m s−1), turbulent impaction velocity.

The different removal mechanisms were described by Zhang et al (2001) and Petroff

and Zhang (2010), and their formulations were used in this research. They will be

referred to in this article as the Zhang model and Petroff model, respectively. The

formulation of the PM deposition mechanisms by each model is given in Table 3.

The main difference between the two models is the use of the friction velocity, u∗

(=
√
CdU2), in Zhang model, and the mean wind speed, U , in the Petroff model, to

describe turbulence effects. Several studies have highlighted the importance of tur-

bulence in the PM deposition process: Brownian diffusion deposition increased with

the level of turbulence (Pryor et al, 2008). In addition, removal by interception and

impaction will be enhanced in high turbulent flows, since particles will not be able to

15



follow the unsteady streamlines and will detach more easily from the streamlines to

become deposited on leaf surfaces (Price et al, 2017). Hence, the different formulation

of turbulence between the Zhang and Petroff model could be a first reason for different

model outcomes. Second, the Zhang model includes particle resuspension subsequent

to deposition (R in Table 3). Third, the models differ in the model constants used.

Zhang uses one constant for all deposition mechanisms, namely θ, which is set equal

to 3 independent of the land type. In contrast, the Petroff model includes a model

constant for each deposition mechanism, namely Cbd, Cin, Cim and Cti for deposition

by Brownian motion, interception, impaction and turbulent impaction, respectively.

These parameters depend on the land type and in this study the values were taken

for a broadleaf canopy.

Deposition mechanism Zhang model Petroff model

Sedimentation vse =
Ccgρpd2p

18µ vse =
Ccgρpd2p

18µ

Brownian diffusion vbd = θRSc−γu∗ vbd = CbdSc−γRe
−1/2
l U

Interception vin = θR 1
2
(
dp
l )2u∗ vin = Cin

dp
l [2 + ln 4l

dp
]U

Inertial impaction vim = θR( St
St+α )2u∗ vim = Cim( St

St+α )2U

Turbulent impaction N. c. vti =

{

2.5 · 10−3Ctiτ
+2
p u∗ τ+2

p < 20

Cti τ+2
p u∗ ≥ 20

The symbols in order of appearance represent the following: Cc, the Cunningham slip-flow
correction factor, g, the gravitational acceleration (9.81 m s−1), ρp, the particle density (kg

m−3), dp, the particle diameter (m), µ, the dynamic viscosity of air (Pa·s), θ, Zhang model
constant (= 3), R, reduction in collection by rebound, Sc, Schmidt number, γ, Zhang (=
0.67) and Petroff (= 0.56) Brownian diffusion model constant for broadleaves, u∗, friction

velocity (m s−1), Cbd, Petroff Brownian diffusion model constant for broadleaves (1.262), Rel,

obstacle Reynolds number, U , average wind speed (m s−1), l, characteristic obstacle length
(m), Cin, Petroff interception model constant for broadleaves (0.216), St, Stokes number, α,
Zhang (0.6) and Petroff (0.47) impaction model constant for broadleaves, Cim, Petroff inertial
impaction model constant for broadleaves (0.13), Cti, Petroff turbulent impaction model

constant for broadleaves (0.056), τ+
p , particle relaxation time. N.c. stands for not considered

(i.e. no turbulent impaction in Zhang’s model).

Table 3 The description of the deposition mechanisms by Zhang et al (2001) and Petroff
and Zhang (2010).
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2.2.4 Grid and boundary conditions

Each grid was composed of tetrahedral cells with a refined grid on the walls. Boundary

layers were introduced with a thickness correction factor of 1.5. A grid convergence

study was carried out for a wind tunnel parameterised for the effect of H. helix on

airflow for the three Beaufort classes tested. Richardson interpolation was used to

calculate the incoming mean wind speed (Uin on Figure 1). The grid convergence index

(GCI) was calculated for the finest grid solution with a safety factor Fs equal to 3 for

each Beaufort class. The results, shown in Table 9 (Appendix B), demonstrate that

the results converged with increasing grid refinement. In addition, the normalised wind

speed and turbulence intensity profiles at the four measurement locations (Front.z,

Front.y, Back.z, Back.y) show fair agreement with the measured counterparts (Figure

3). However, deviations from the measured turbulence intensity were noted near the

walls, probably related to a recirculation zone that was modelled, but not measured.
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Fig. 3 Vertical profiles of normalised wind speed (left graph) and turbulence intensity (%, right
graph) at the in- and outlet of the plant section (Figure 1 in both the y- and z-direction for modelled
and measured data for the three Beaufort classes under study. The error bars represent the standard
deviation on the measurements.
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3 Results

3.1 Influential factors of collection efficiency

The LMM comparing the collection efficiency (CE) in a wind tunnel without and with

H. helix showed significant differences among them (p = 6.8·10−5) with on average

13% higher values of CE for the case with H. helix. Therefore, the statistical analysis

and validation was performed with the collected correction efficiency (CEcor, %) of

equation 2.
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Fig. 4 Corrected collection efficiency (CEcor, %) of particles consisting of soot with a particle
diameter between 0.01 and 0.33 µm (left graph). For soot, particle diameters of each tested setting
with the highest PM concentration of each tested setting of Table 2 were combined in one dataset
of which CEcor is shown here. In addition, CEcor of particles consisting of dust with a particle
diameter between 0.37 and 10 µm (right graph). The dust particles were generated in three PM10

concentrations, namely 50, 100 and 150 µg m−3, shown on top of each graph (Table 2). CEcor was
determined for Beaufort classes 1 - 3 (Table 8). The x-axis is subjected to a logarithm transformation
and the error bars represent the standard deviation of the measured values.

Figure 4 (left) shows the corrected collection efficiency of soot particles smaller than

0.3 µm. As already mentioned, in the case of soot, particle diameters with the highest

PM concentration of each tested setting (Table 2) were combined in one dataset, so

that only one CEcor was obtained for each particle size and each Beaufort class. CEcor

did not seem to vary with particle diameter or wind speed. For particles > 0.04 µm,
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the Beaufort class ’light breeze’ (1.6 - 3.3 m s−1) showed the highest CEcor, while for

the class ’light air’ (0.3 - 1.5 m s−1) negative values were observed. A negative value

was seen when an empty wind tunnel removed approximately the same amounts of

PM from the air stream as a wind tunnel with H. helix. For the two highest Beaufort

classes a minimum CEcor was observed for a particle diameter between 0.079 and 0.1

µm. Figure 4 (right) shows the measured CEcor for particles of the fraction PM2.5

and PM10, thus consisting of dust. Three different PM10 concentrations were tested

across three successive Beaufort scales. All these conditions were summarised in Table

2 and Table 8 (Appendix A), respectively. It was witnessed that for a given incoming

particle concentration, CEcor increased with increasing particle diameter, however

it was accompanied by higher standard deviations. This is related to the fact that

the highest particle diameters are low in number concentrations, so concentration

differences were magnified. For Beaufort classes 1 to 3, CEcor for PM10 was on average

for all concentrations, 3 ± 5, 12 ± 9 and 14 ± 3% higher than PM2.5, respectively.

In addition, deposition was amplified with increasing wind speed. Compared with the

lowest Beaufort class ’light air’ (0.3 - 1.5 m s−1), on average for all concentrations,

CEcor of PM2.5 was 2 ± 2 and 21 ± 4 % higher for the class ’light breeze’ (1.6 - 3.3

m s−1) and ’gentle breeze’ (3.4 - 5.5 m s−1), respectively.

The output of the LMM showed that corrected collection efficiency of H. helix

increased significantly with particle diameter and wind speed, but did not depend

on RH and the particle source (Table 4). However, significant interactions existed

between particle source and diameter, and particle source and wind speed, visualised

in Figure 5. It demonstrated that with increasing particle diameter, CEcor decreased

for particles with dp < 0.3 µm, while it increased for dp > 0.3 µm (Figure 5, left).

Furthermore, wind speed had a more pronounced positive effect on CEcor of dust

particles compared with soot particles (Figure 5, right).
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Table 4 Results of the LMM analysis
relating the corrected collection efficiency,
CEcor % to particle diameter (µm), incoming
wind speed (m s−1), relative humidity (RH,
%) and PM source and the interactions
among them (denoted with ’x’), in terms of
the F and p value.

Effect F value p value

Diameter 7.313 6.975·10−3

Wind speed 15.537 2.412·10−4

RH 1.877 0.177

PMsource 0.092 0.762

Diameter x PMsource 54.448 3.584·10−13

Uin x PMsource 81.206 <2.2·10−16
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Fig. 5 Visualisation of the significant interactions determining the corrected collection efficiency
(CEcor, %) in the LMMmodel (Table 4). The graphs include the interaction between particle diameter
(µm) and particle source (PMsource, i.e. dust or soot) (left graph), and between wind speed (Uin (m
s−1)) with particle source (PMsource, i.e. dust or soot) (right graph). Points in black show measured
values of CEcor as a function of wind speed.

3.2 Model validation

Figure 6 (left) shows the measured corrected collection efficiency and the modelled

collection efficiency, both referred to as CE, for the Zhang and Petroff model with

the results for PM consisting of soot. For soot, it was observed that the Zhang model

showed better agreement with the measured values (root mean square error (RMSE)

< 7% across all Beaufort classes, indicated by RMSEz) in comparison with Petroff’s
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model (RMSE < 14% across all Beaufort classes, indicated by RMSEp). The main

mechanism was Brownian diffusion, accounting for 99.9% of the total deposition veloc-

ity (Figure 6, right). Therefore, the other deposition mechanisms are not visible on

this graph. Brownian diffusion was also the main deposition mechanism in Petroff’s

model, however their Brownian deposition velocity was at least two orders of magni-

tude smaller for a particular particle diameter compared with the one from Zhang’s

model, which resulted from the negative root of the obstacle Reynolds number (Re
−1/2
l

in Table 3). The obtained RMSE values were therefore on average 3 times higher

compared with Zhang’s model. Zhang’s model showed a higher deviation from the

measurements at the highest wind speed. It could indicate that the use of the friction

velocity, u∗, caused deviations at larger wind speeds. This may be due to the fact that

the friction velocity in Zhang’s model is a parameter to describe drag at the top of the

canopy and not within plant packages (Zhang et al, 2001). However, the influence of

drag was already parameterised in the airflow model, and working with u∗ =
√
CdU2

consequently accounted for this effect twice. Wind speed had a minimal effect on CE

obtained with the Zhang model, in line with was found for the experimental data

(Figure 5, B). However, wind speed had a more pronounced effect on the deposition

velocity (seen by the increasing y-axis of Figure 6, right) and this makes sense since

vd is the product of flow rate and CE. These findings were in line with other authors

(Beckett et al, 2000; Freer-Smith et al, 2004).

For soot particles with dp > 0.3 µm, Zhang’s model calculated too low collection

efficiencies for all particle sizes. Fair agreement of Petroff’s model was observed for the

lowest wind speed (RMSEp < 12%), but for the higher wind speeds deviations were

more pronounced (RMSEp ∼30%). Although, from a certain particle size, depending

on the wind speed class, model results fell within the standard deviation of the mea-

sured values. More specifically, there was better agreement for 1.6 - 3.3 m s−1 above 3
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Fig. 6 Measured (’Experiment’) and modelled (’Petroff’ and ’Zhang’) collection efficiency (%) of
soot particles (0.02 - 0.20 µm) for Beaufort classes 1 - 3 (left graph). Measured total vd (cm s−1, purple
bullets) and modelled vd (m s−1, bar plot) of each PM deposition mechanisms (right graph). The 1st

bar represents the Petroff model and the 2nd bar the Zhang model. The bars of Zhang’s model are
not visible, since their value was very low compared to Petroff’s model. The x-axis is subjected to a
logarithm transformation and the error bars represent the standard deviation of the measured values.

µm and for 3.4 - 5.5 m s−1 above 2 µm. This increase in CE of the Petroff model cor-

responded with the occurrence of turbulent impaction, which became at those particle

diameters the main deposition mechanism with a relative contribution to the total

deposition velocity of 91 and 83% for Beaufort class 2 and 3, respectively (Figure 7,

right). However, turbulent impaction reached a constant value with increasing particle

diameter, which was not seen in the measurements. The second important deposition

mechanism was sedimentation at Beaufort class 1 (5%) and 2 (3%) and both inter-

ception and impaction at Beaufort class 3 (both ∼1.6%). Before the point at which

turbulent impaction became important, the Petroff model showed the greatest removal

by Brownian diffusion, but the total deposition velocity did not approach the mea-

surements. The Zhang model showed a dominance of Brownian diffusion below ∼3 µm

and at larger particle diameters deposition by sedimentation and impaction became

prevalent at Beaufort class 1 and impaction alone at the higher wind speed classes.

Particle rebound in Zhang’s model was responsible for lowering Brownian diffusion,
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interception and inertial impaction of dp = 10 µm by 14, 18 and 23% for Beaufort

classes 1, 2 and 3, respectively. In conclusion, both models failed to calculate the mea-

sured CE (vd) values below ∼1.5 µm above 1.6 m s−1. Above that particle diameter,

the Petroff model approximated the measurements due to the inclusion of turbulent

impaction. Within Beaufort class 3, RMSE increased with the incoming PM10 con-

centration. It could be that H. helix acted as a barrier that caused a blocking of the

airflow, so that higher concentrations would be present in front of it (Abhijith et al,

2017; Pappa et al, 2023). However, in this study, the PM10 concentrations were set at

the start of each experiment and higher concentrations due to blockage would already

be accounted for. An optimised deposition model will be discussed in the next section.
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Fig. 7 Measured (’Experiment’) and modelled (’Petroff’ and ’Zhang’) collection efficiency (%) of
dust particles (0.37 - 10 µm) for the studied cases of Table 2 and for Beaufort classes 1-3 (left
graph). Measured total vd (m s−1, bullets) and modelled deposition velocity (m s−1, bar plot) of
each PM deposition mechanisms (right graph) (1st bar = Petroff model, 2nd bar = Zhang model)
for an incoming PM10 concentration of 50 µg m−3 (graphs of 100 and 150 µg m−3 are on Figure 11
(Appendix C)).

3.3 Model optimisation

To achieve an optimised PM deposition model ranging from ultrafine to coarse PM,

the following issues needed to be improved: 1) deposition by Brownian diffusion should
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not depend on the obstacle Reynolds number, 2) the influence of wind speed should

not be parameterised in the deposition model since it is already inclduded in the air

flow model, 3) deposition of particles between 0.3 - 2 µm should be enhanced at higher

wind speeds, and 4) the deposition velocity should keep on increasing with particle

diameter for dp > 3 µm.

To address these discrepancies compared with the measured vd, first a combina-

tion of the model of Zhang and Petroff is proposed. From the model of Zhang, the

description of Brownian diffusion was employed, since it was able to approximate the

measured vd, while Petroff’s description resulted in vd values that were two orders

of magnitude too small. However, the friction velocity was replaced with the mean

wind speed, because drag was already parameterised in the air flow model. Turbu-

lent impaction proved necessary to approximate the rise with particle size. Impaction

became the dominant deposition mechanism in Zhang’s model for dp > 2.8 µm and

their parametrisation could lead to a better agreement with the measurements with

increasing particle diameter. On the other hand, Petroff’s formulation of interception

was specific for broadleaves, while Zhang was solely for needle leaves. Since little is

known about the parametrisation of particle rebound, it was not included in the mod-

ified model. To conclude, Brownian diffusion and impaction were modelled with the

definition of Zhang, while Petroff’s description of interception and turbulent impaction

was used, without the inclusion of the model constants Cin and Cti of Table 3, since

these are constants for whole canopies and they were also discarded in other studies

(Petroff et al, 2009; Š́ıp and Beneš, 2017). At the lowest wind speed, the modified

model exhibited a comparable performance to Zhang’s model for soot particles (as

depicted in Figure 8, left) and to Petroff’s model for dust particles, which is remarked

by the comparable RMSE (termed RMSEmod1). However, as the wind speed increased,

the modified model demonstrated better agreement with the measurements compared

to both Zhang and Petroff models. For soot particles, RMSEmod1 was 2.4% and 4.5%
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lower at Beaufort scale 2 and 3, respectively, in comparison to the Zhang model, which

was considered the reference for soot due to Petroff’s model showing more signifi-

cant deviations from the measurements. Similarly, for dust particles, RMSEmod1 was

approximately 47% and 46% lower at Beaufort scale 2 and 3, respectively, when con-

trasted with the Petroff model (8, right). In this case, the Petroff model was taken as

the reference for dust because the Zhang model exhibited more pronounced discrep-

ancies from the measurement data. The breakdown of the total deposition velocity in

the different deposition mechanisms is shown on Figure 12 (Appendix C). The main

discrepancy remained that CE was still underestimated for dp = 0.3 - 2 µm. The mod-

ified model also provided a lower RMSE for PM from soot at wind speeds above 1.6

m s−1, but a higher RMSE at the lowest wind speed.

Another way to improve the deposition model could be to include the effect of

turbulence, since research has demonstrated that including the effects of free-stream

turbulence resulted in an increase in deposition by impaction with one order of mag-

nitude (Moran et al, 2013; Price et al, 2017). Therefore, these authors proposed a

turbulent Stokes number to include the interaction of particles with turbulent eddies

by combining the classical Stokes number (St) with the Taylor microscale Reynolds

number (Reλ) following:

St∗ = St ·Re0.3λ (11)

Reλ =
u′λ

ν
(12)

with u′ (m s−1), the root-mean-square of the velocity perturbations, λ (m), the Taylor

microscale, and ν (m2 s−1), the kinematic viscosity. λ describes the average distance at

which the turbulent fluctuations (u′) vary over two standard deviations in magnitude.
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Price et al (2017) reported that CE on grass increased of 40% for particles with dp =

8 µm at 3.8 m s−1 and this was accompanied by Reλ = 110 and λ = 0.009 m. In this

study, Reλ amounted at the inlet of the test section to around 40, which was said to

be the limit value below which turbulence is considered negligible (Moran et al, 2013).

The modified model resulted in higher deposition velocities than measured (Figure 9,

left) and it can be concluded that for low wind speeds it is not advised to include

a turbulent Stokes number. The breakdown of the total deposition velocity in the

different deposition mechanisms is shown on Figure 13 (Appendix C).
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Fig. 8 Measured (’Experiment’) and modelled corrected collection efficiency (%) of soot particles
(0.02 - 0.20 µm) for the studied cases of Table 2 and for Beaufort classes 1 - 3 with on the left:
modified model combining Zhang and Petroff, and on the right: modified model 2 with turbulent
Stokes number.

3.4 Overall model validation

In the previous sections, RMSE was calculated to investigate the deviation of the mod-

elled relative to the measured CE and vd. Here, a validation is presented that includes

all treatments in terms of wind speed, PM concentration and particle diameter, for the

model of Zhang, Petroff and the modified model using a combination of Petroff and
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Fig. 9 Measured (’Experiment’) and modelled corrected collection efficiency (%) of dust particles
(0.37 - 10 µm) for the studied cases of Table 2 and for Beaufort classes 1 - 3 with on the left: modified
model combining Zhang and Petroff, and on the right: modified model 2 with turbulent Stokes number.

Zhang. The adjusted model incorporating a turbulent Stokes number has not been

considered in this context, as it was concluded that it did not yield better outcomes.

The performance metrics are presented in Table 5, revealing that all three models

exhibit an underestimation of the measured CE and consequently vd. This is evident

from the positive fractional bias (FB) and the linear regression line below the identity

line in Figure 10. Comparatively, the modified model demonstrates superior predic-

tive accuracy characterised by a lower RMSE, reduced bias (lower FB), decreased

scatter (higher fraction of modelled results within a factor two of the measurements

(FAC2)), and less deviation from the measurements (normalised mean square error

(NMSE)). In addition, the modified model had an overall better fit to the data (higher

R-squared (R2)), as opposed to the Zhang and Petroff model. This observation is fur-

ther supported by Figure 10, which clearly illustrates how the linear regression line of

the modified model approaches the identity line more closely when compared to the

standard models. Assessing these metrics against the acceptance criteria defined by

(Chang and Hanna, 2004), it is evident that the modified model satisfies the condi-

tions for NMSE, while the model of Zhang and Petroff are not. The modified model
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also meets the criterion for FB. Interestingly, this is also the case for the Zhang model.

The criterion for FAC2 (> 0.5) was not met by any of the models.

Table 5 Root mean square error (RMSE), normalised mean square error, NMSE,
fractional bias, FB, and fraction of modelled results within a factor two of the
measurements, FAC2 for CE and vd obtained with the model of Zhang, Petroff and a
modified model for all runs. In addition, the R2 is given.

Model RMSE NMSE FB FAC2 R2

CE (%) vd (cm s−1) CE (%) vd (cm s−1) CE vd

Zhang 134.37 2.42 3.57 5.85 0.20 0.26 0.20 0.23

Petroff 179.99 2.81 6.13 7.73 0.31 0.33 0.08 0.31

Modified 3.55 0.36 0.94 1.02 0.004 0.03 0.37 0.57

Acceptance criteria are defined as: NMSE < 1.5, -0.3 < FB < 0.3 and FAC2 > 0.5
(Chang and Hanna, 2004).
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Fig. 10 Measured vs modelled corrected collection efficiency (%) (left graph) and deposition velocity
(cm s−1) (right graph) of all particles sizes, PM concentrations and Beaufort classes for the model of
Zhang, Petroff and modified model combining Zhang and Petroff deposition models.

4 Discussion

4.1 Wind tunnel comparison

This study was among the few that determined the collection efficiency (CE) and

deposition velocity (vd) of PM representing urban pollution for particles from 0.02 up
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to 10 µm. To compare our results with the literature, CE and vd for PM0.1, PM2.5

and PM10 were calculated and shown in Table 6.

CE (and vd) of PM2.5 were reported for shoots packed in a test volume of a wind

tunnel with oil droplets as PM2.5 source at 1 m s−1 and were higher than what was

found in the present study, namely ∼45 - 58% (3.9 - 11.1 cm s−1) for broadleaved

species with a LAD of 16 m2 m−3 and 22 - 30 % (1.3 - 2.1 cm s−1) for conifers with

a LAD of 26 m2 m−3 (Shen et al, 2022). On the other hand, much lower CE and vd

were found with wind tunnel studies using NaCl particles with a mean diameter of

0.8 ± 0.2 - 1.28 ± 0.07 µm on shoots of small trees: at an approaching wind speed of

1 m s−1, 0.03 ± 0.02% (0.03 ± 0.03 cm s−1) for broadleaves and 0.21 ± 0.03 % (0.11

± 0.02 cm s−1), and at an approaching wind speed of 3 m s−1, 0.07 ± 0.06% (0.2 ±

0.6 cm s−1) for broadleaves and 0.32 ± 0.06% (1.0 ± 0.2 cm s−1) (Beckett et al, 2000;

Freer-Smith et al, 2005). The found deposition velocity of our study was in line with

values reported for uranium particles of 0.82 µm size for a wind speed of 0.52 m s−1

within a spruce canopy, namely 0.6 ± 1.6 cm s−1 in this study and 0.515 cm s−1 in

the study of Ould-Dada (2002). In the case of PM0.1, CE were similar (Huang et al,

2013) or lower (Wang et al, 2019) than reported in the literature. The first study was

on wind tunnel experiments with soot from burning candles, obtained CE of roughly

10% by Juniperus chinesis (coniferous evergreen, LAD of ∼200 m2m−3) packages at

wind speeds below 1 m s−1 (Huang et al, 2013). In the second study, shoots of different

broadleaf and needle leaf tree species were subjected to an airflow of 1 m s−1 containing

diesel exhaust for which CE values of ∼30 - 80% were reported (Wang et al, 2019).

Overall, the comparison between studies is complex since particle size, wind speed and

plant species are all influencing PM deposition. It can be remarked, however, that the

present study looked at a climber presented in its natural form (no packages) and with

a more realistic LAD (12.3 ± 0.1 m2 m−3), justifying the lower CE and vd values of

this study compared with the literature. In addition, H. helix was attributed as a low
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PM scavenger based on PM measurements on leaf surfaces due to unfavourable leaf

traits regarding PM deposition (Muhammad et al, 2019; Weerakkody et al, 2017).

This study demonstrated that PM deposition is related to particle size and wind

speed, but relative humidity and the type of soot did not have an impact. For particles

with dp < 0.2 µm, CE was inversely proportional with particle size, while wind speed

had a small positive impact. For particles with dp > 0.3 µm, CE was proportional

with particle size and wind speed. A minimum particle deposition was found between

∼0.08 - 0.1 and between ∼0.2 - 2 µm. The latter coincides with the model of Zhang,

which has no efficient particle deposition mechanism around 1 - 2 µm. Other studies

confirmed that CE (vd) increased remarkably with wind speed, since in high turbu-

lent flows deposition by Brownian diffusion, interception and impaction are enhanced

(Beckett et al, 2000; Freer-Smith et al, 2004; Price et al, 2017). The effect of humidity

did not play a role in particle deposition for the wind tunnel experiments of this study.

Hygroscopic growth was not likely to take place for the generated PM here, since hygro-

scopic growth is only considerable for particles containing water-soluble compounds

such as ammonium sulphate or salt (Katata et al, 2014; Zhang et al, 2001). Further-

more, coagulation was unlikely to occur during the short particle residence time in the

test section of the wind tunnel (Steffens et al, 2012). Therefore, it was justified that

hygroscopic growth and coagulation were not included in the deposition model.

Table 6 Measured collection efficiency (CE, %) and deposition velocity

(vd, m s−1) for the fraction PM0.1, PM2.5 and PM10 for the three
investigated Beaufort classes.

Beaufort Wind speed (m s−1) Fraction CE (%) vd (cm s−1)

1 0.3-1.5 PM0.1 12.0 ± 0.1 0.070 ± 0.009

1 0.3-1.5 PM2.5 -0.08 ± 1.6 0.004 ± 0.01

1 0.3-1.5 PM10 4 ± 11 0.04 ± 0.05

2 1.6-3.3 PM0.1 1.26 ± 0.015 0.002 ± 0.001

2 1.6-3.3 PM2.5 8 ± 2 0.2 ± 0.3

2 1.6-3.3 PM10 22 ± 21 0.04 ± 0.03

3 3.4-5.5 PM0.1 18.0 ± 0.2 0.36 ± 0.01

3 3.4-5.5 PM2.5 13 ± 4 0.48 ± 0.09

3 3.4-5.5 PM10 23 ± 18 0.8 ± 0.3
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4.2 Deposition model

In this study, the numerical modelling of dry deposition on a climber was reported

based on the often cited canopy deposition models of Zhang (Zhang et al, 2001) and

Petroff (Petroff and Zhang, 2010). Fair agreement of the Zhang deposition model with

wind tunnel experiments was observed for particles smaller than 0.18 µm (RMSE <

13%). Steffens et al (2012) suggested that for particles smaller than 0.1 µm the model

of Zhang performed better than Petroff’s model, however they both deviated from

measurements for particles < 0.05 µm behind a vegetation barrier. The models did

show an overestimation of the simulated wind speed behind the barrier, so that the

use of the friction velocity of Zhang’s model, including vegetation drag, improved the

modelling of vd. However, in the present study, the influence of vegetation on the air

flow was already incorporated in the air flow model, and the use of the friction velocity

caused more deviations from the measurements. Therefore, separate validation of the

flow field and concentration pattern assured that model errors did not propagate. This

is an often seen problem in state-of-the art deposition models that lack validation data.

For particles with dp > 0.3 µm, the model of Petroff showed fair agreement at a wind

speed of 1 m s−1, but showed underestimations at higher wind speeds. Amicarelli et al

(2021) used the model of Petroff to model deposition of particles of 0.82 µm to a scaled

spruce forest at a wind speed of 0.52 m s−1 (Ould-Dada, 2002). The experimental

deposition velocity averaged over the canopy depth was underestimated by 24% by

the model. This underestimation is consistent with this study, which showed that the

model underestimated the measurements for particle sizes between 0.3 - 2 µm. For

0.82 µm, interception and inertial impaction accounted for 87% and 9% of the total

deposition velocity, respectively (Amicarelli et al, 2021), since they did not include

Brownian diffusion. However, a larger Brownian collection efficiency is assigned to

broadleaves (Petroff and Zhang, 2010).
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To overcome the discrepancies between measured and modelled CE (vd), a new dry

deposition model was proposed including the best features of Zhang’s and Petroff’s

model which were seen as the reference model for PM0.1 and for PM2.5 and PM10,

respectively. The modified model exhibited a comparable RMSE at the lowest wind

speeds, but at the highest wind speeds it approached the measurements much better

with a reduction of the RMSE of approximately 2.4% and 4.5% at Beaufort scale 2

and 3, respectively, in comparison to the Zhang model for soot. Similarly, for dust

particles, the RMSE of the modified model was approximately 47% and 46% lower at

Beaufort scale 2 and 3, respectively, when contrasted with the Petroff model. Taking

all particle sizes, concentrations and wind speeds into account, the modified model

was able to meet the following acceptance criteria for air quality models (Chang and

Hanna, 2004): NMSE = 0.94 for CE (1.76 for vd) < 1.5, -0.3 < FB = 0.004 for

CE (0.03 for for vd) < 0.3. The criterion of FAC2 > 0.5 was not satisfied by the

modified model. In addition, the R2 was increased from 0.23 (Zhang’s model) and 0.31

(Petroff’s model) to 0.57 (modified model). The modified model with an enhancement

of deposition with turbulence was not in accordance with the measurements and this

was probably due to the low wind speeds in this study. Deposition models for PM0.1

to tree species were characterised by a RMSE of 5 to 15%, depending on the tree

species and the wind speed (Huang et al, 2015), and by a RMSE of 9 to 18% and a R2

of 0.32 up to 0.93, depending on tree species and the amount of plant material (Lin

et al, 2012). Therefore, modified model was highly competitive compared to deposition

models reported in the literature. Moreover, it considered the complete PM size range.

5 Conclusions

Dry deposition of particles is an important process determining PM concentrations and

the modelling of this process is regarded an important aspect in air quality modelling.

This study presented an update of the models described by Zhang et al (2001) and
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Petroff et al (2009) using validation data for the complete PM size range relevant

for human health. Overall, the modified model was able to simulate dry deposition

with a RMSE of 3.55% for CE and 0.36 cm s−1 for vd. The model is, therefore,

highly competitive against previously described models and can be used to model PM

deposition on plant species, provided the correct parameterisation of the drag by this

species.

As a result, the model can be used to map the impact of green walls and, by exten-

sion other types of UGI, on air quality in cities and thus respond to the need for more

healthy living environments in cities. Notwithstanding, to fully validate the proposed

model, PM deposition experiments with different plant species should be conducted

and the model still showed an underestimation for particle sizes of 0.3 - 2 µm at higher

wind speeds. Discrepancies between measured and modelled deposition velocities are

explained in the literature by an incorrect description of the vertical variation in leaf

area density (LAD). It is seen for climbers that the amount of leaves, and thus their

LAD, decreases with height (Pérez et al, 2017). In this study a uniform coverage of

H. helix was foreseen, but some parts along the screen were probably more covered

than others and leaf overlapping was present. Areas with a higher concentration of

leaves may exhibit lower PM deposition, which is currently not included on the model.

Determination of the spatial variability of LAD could improve the model results.

It should be emphasised that the measured CE cannot be directly extrapolated to

draw conclusions about the CE of an actual green wall. This limitation arises because

the wind tunnel setup did not include the wall behind the green wall. When the

wind is perpendicular to the wall, it can cause the airflow to deflect, leading to air

passing parallel to the green wall. This intricate flow pattern is challenging to replicate

accurately in a wind tunnel setup, rendering it a complex phenomenon to study. To

validate a dry deposition model, a perpendicular orientation relative to the airflow

was selected as the ideal scenario, as it offered the highest expected reduction in PM
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concentrations. Nevertheless the obtained model is applicable to study PM deposition

in the case of other wind directions relative to the vegetation or in the case a wall

is present. This is so because the drag parameters are intrinsic, and changes in wind

flow are accounted for within the air flow model. The wind speed dependent drag

parameters play a crucial role in ensuring that the model incorporates the deceleration

of wind speed within the vegetation. This modeling approach extends to the dispersion

and deposition of PM, effectively accounting for this effect.

Uncertainties emerge from the wind tunnel setup due to PM measurement uncer-

tainties, precarious stable PM concentrations at the inlet of the test section, and

possible unsteady flow in the test section. Additionally, variations in outdoor PM con-

centrations were of significance. For PM0.1, these variations had minimal impact, as the

generated PM0.1 led to concentrations within the wind tunnel that were 10 to 100 times

higher than the outdoor concentration. Conversely, PM2.5 and PM10 levels fluctu-

ated during the day. To minimise this effect, experiments were consistently conducted

during a specific time period, from 10 am to 5 pm, each day. Furthermore, tempera-

ture and relative humidity naturally fluctuate throughout the day and across seasons.

Consequently, the meteorological conditions were not consistent for every experiment.

However, efforts were made to mitigate this variability by incorporating outdoor con-

dition measurements into the statistical analysis. Moreover, measurements were done

along the transect of the in- and outlet of the test section to average differences in

wind speed and PM concentration along these transects. A closed-circuit wind tunnel

would allow to perform experiments under more controlled conditions. Moreover, more

advanced wind tunnels exist that include complete scaled-down urban geometries. It

would be of interest to study in atmospheric boundary layer wind tunnel setups PM

deposition on real vegetation with PM consisting of a composition that is found out-

doors. This would broaden the scope of the experiments from parameter estimation

and model optimisation towards case studies in a complex urban environment.
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Abbreviations

Cd sectional drag coefficient

LAD leaf area density

Re Reynolds number

CFD computational fluid dynamics

TKE turbulent kinetic energy

SDR specific dissipation rate

sRANS Steady Reynolds-averaged Navier-Stokes

Ubulk bulk mean wind speed

LA leaf area

K permeability

DE (spatial) discretisation error

GCI grid convergence index

LMM linear mixed model

CE collection efficiency

CEcor corrected collection efficiency

Cin,cor corrected incoming PM concentration

vd deposition velocity

PMparticulate matter

PM0.1 ultrafine PM

PM2.5 fine PM

PM10 coarse PM

UFP ultrafine particles

RH relative humidity

T temperature

PSD particle size distribution

SMPS scanning mobility particle sizer
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OPS optical particle sizer

UGI Urban green infrastructure

WHO World Health Organisation

RMSE root mean square error

NMSE normalised mean square error

FB fractional bias

R2 R-squared

FAC2 fraction of modelled results within a factor two of the measurements
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A Conditions of the incoming air stream

The table below provides the meteorological conditions of the incoming air stream

measured at the inlet of the plant section, for an empty wind tunnel system (i.e.

blanco) and for a wind tunnel with Hedera helix.

Table 7 The wind speed, Uin (m s−1), relative humidity,
RH (%), and temperature, T (°C), of the incoming air
stream, measured at the inlet of the plant section, for an
empty wind tunnel system (i.e. blanco).

Beaufort Test Uin (m s−1) RH (%) T (°C)

1 a 1.3 ± 0.2 77 ± 3 20.1 ± 0.2

2 a 2.3 ± 0.2 70 ± 1 19.90 ± 0.04

3 a 3.84 ± 0.08 79 ± 1 13.7 ± 0.4

1 b 1.3 ± 0.1 81.3 ± 0.9 15.5 ± 0.2

2 b 2.3 ± 0.1 78.7 ± 0.8 15.91 ± 0.03

3 b 3.72 ± 0.09 89.7 ± 0.5 12.3 ± 0.6

1 c 1.0 ± 0.2 80 ± 3 16.6 ± 0.2

2 c 2.3 ± 0.1 74 ± 1 10.8 ± 0.1

3 c 3.93 ± 0.09 72 ± 2 15.9 ± 0.2

Table 8 The wind speed, Uin (m s−1), relative humidity, RH (%), and
temperature, T (°C), of the incoming air stream, measured at the inlet of the
plant section, for a wind tunnel system with H. helix. The associated
permeability, K (m2), and drag coefficient, Cd (-), calculated with previously
determined relations for H. helix with a LAD of 13.307±0.007 m2m−3

(Ysebaert et al, 2022), are also given.

Beaufort Test Uin (m s−1) RH (%) T (°C) K (m2) Cd (-)

1 a 1.3 ± 0.1 66 ± 26 17.1 ± 0.3 1.814·10−5 0.62

2 a 2.3 ± 0.2 87 ± 37 12.1 ± 0.3 1.814·10−5 0.47

3 a 4.0 ± 0.1 69 ± 28 16.0 ± 0.3 1.814·10−5 0.36

1 b 1.1 ± 0.1 68 ± 27 16.6 ± 0.2 1.765·10−5 0.68

2 b 2.2 ± 0.5 66 ± 32 14.8 ± 0.2 1.814·10−5 0.45

3 b 3.93 ± 0.08 58 ± 23 20.0 ± 0.3 1.814·10−5 0.36

1 c 1.1 ± 0.2 72 ± 26 18.4 ± 0.6 1.784·10−5 0.68

2 c 2.4 ± 0.3 84 ± 25 11.02 ± 0.03 1.814·10−5 0.48

3 c 3.9 ± 0.09 74 ± 28 18.3 ± 0.5 1.814·10−5 0.36

B Grid convergence study

The table below shows the results of the grid convergence study of the present study.
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Table 9 Outcome of a grid convergence study of the incoming mean wind
speed (Uin) for Beaufort classes 1 to 3, in terms of (spatial) discretisation
error (DE) (%) and GCI (%) relative to the finest grid.

Beaufort number Number of cells Wind speed (m s−1) DE (%) GCI (%)

1 144,996 1.069 -10.58

1 204,076 1.073 -4.96

1 349927 1.108 -1.50 1.18

2 144,996 2.249 -27.76

2 205,900 2.385 -14.17

2 352,277 2.476 -5.06 1.64

3 144,725 4.281 -14.68

3 206,852 4.418 -1.04

3 347,665 4.428 -0.02 0.006

C Deposition velocity of dust particles on leaves of

H. helix

The following figures show the results, in terms of the deposition velocity (vd, m s−1)

of different models used to simulate PM deposition onto leaves of H. helix.
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Fig. 11 Measured total vd (m s−1, bullets) and modelled deposition velocity (m s−1, bar plot) of
each PM deposition mechanisms (1st bar = Petroff model, 2nd bar = Zhang model) for an incoming
PM10 concentration of 100 (left) and 150 µg m−3 (right).
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Fig. 12 Measured total vd (m s−1, bullets) and modelled deposition velocity (m s−1, bar plot) of
each PM deposition mechanisms with the modified model combining the model of Zhang and Petroff
for an incoming PM10 concentration of 50 (A), 100 (B) and 150 µg m−3 (C).
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Fig. 13 Measured total vd (m s−1, bullets) and modelled deposition velocity (m s−1, bar plot) of
each PM deposition mechanisms with the modified model with a turbulent Stokes number for an
incoming PM10 concentration of 50 (A), 100 (B) and 150 µg m−3 (C).

42



References

12103-1 (2016) Road vehicles - test contaminants for filter evaluation - part 1: Arizona

test dust. Tech. rep.

Abhijith KV, Kumar P, Gallagher J, et al (2017) Air pollution abatement performances

of green infrastructure in open road and built-up street canyon environments – a

review. Atmospheric Environment 162:71–86. https://doi.org/10.1016/j.atmosenv.

2017.05.014

Amicarelli A, Alessandrini S, Agate G, et al (2021) A dry deposition scheme for

particulate matter coupled with a well-known lagrangian stochastic model for pol-

lutant dispersion. Environmental Fluid Mechanics 21(2):433–463. https://doi.org/

10.1007/s10652-021-09780-y

Beckett KP, Freer-Smith PH, Taylor G (2000) The capture of particulate pollution

by trees at five contrasting urban sites. Arboricultural Journal 24(2-3):209–230.

https://doi.org/10.1080/03071375.2000.9747273

Burtscher H (2005) Physical characterization of particulate emissions from diese-

lengines: a review. Aerosol Science 36:896–932. https://doi.org/doi:10.1016/j.

jaerosci.2004.12.001

Chang JC, Hanna SR (2004) Air quality model performance evaluation. Meteorology

and atmospheric physics 87:167–196. https://doi.org/10.1007/s00703-003-0070-7

Dulbari D, Santosa E, Sulistyono E, et al (2017) Adaptation of wetland rice to extreme

weather. Journal of Tropical Crop Science 4(2):70–77. https://doi.org/10.29244/

jtcs.4.2.70-77

43



EEA (2022) Air quality in europe 2022. Tech. rep., European Environmental Agency,

https://doi.org/10.2800/488115

Freer-Smith PH, El-Khatib AA, Taylor G (2004) Capture of particulate pollution by

trees: A comparison of species typical of semi-arid areas (Ficus Nitida and Euca-

lyptus Globulus) with european and north american species. Water, Air, and Soil

Pollution 155:173–187. https://doi.org/10.1023/B:WATE.0000026521.99552.fd

Freer-Smith PH, Beckett KP, Taylor G (2005) Deposition velocities to sorbus aria, acer

campestre, populus deltoides × trichocarpa ‘beaupré’, pinus nigra and × cupresso-
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