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• Magnetic PM loading is dominated by 
superparamagnetic (<30 nm) Fe-oxide 
nanoparticles. 

• Tredge leaves capture an estimated 23 
% of local, traffic-derived PM10 emis-
sions over two-day exposure period. 

• Deposition and dispersion processes at 
the tredge reduce exposure to local, 
traffic-derived PM pollution.  
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A B S T R A C T   

One aim of roadside green infrastructure (GI) is to mitigate exposure to local, traffic-generated pollutants. Here, 
we determine the efficacy of roadside GI in improving local air quality through the deposition and/or dispersion 
of airborne particulate matter (PM). PM was collected on both pumped air filters and on the leaves of a recently 
installed ‘tredge’ (trees managed as a head-high hedge) at an open road environment next to a primary school in 
Manchester, U.K. The magnetic properties of PM deposited on leaves and filters (size fractions PM10 and PM2.5) 
were deduced from hysteresis loops, first-order reversal curves (FORCs), and low-temperature remanence 
measurements. These were complemented with electron microscopy to identify changes in magnetic PM con-
centration downwind of the tredge/GI. We show that the tredge is permeable to airflow using a simple CO2 tracer 
experiment; hence, it allows interception and subsequent deposition of PM on its leaves. Magnetic loadings per 
m3 of air from filters (PM10 saturation magnetisation, Ms, at 5 K) were reduced by 40 % behind the tredge and a 
further 63 % in the playground; a total reduction of 78 % compared to roadside air. For the PM2.5 fraction, the 
reduction in magnetic loading behind the tredge was remarkable (82 %), reflecting efficient diffusional capture 
of sub-5 nm Fe-oxide particles by the tredge. Some direct mixing of roadside and playground air occurs at the 
back of the playground, caused by air flow over, and/or through gaps in, the slowly-permeable tredge. The 
magnetic loading on tredge leaves increased over successive days, capturing ~23 % of local, traffic-derived 
PM10. Using a heuristic two-dimensional turbulent mixing model, we assess the limited dispersion of PM <
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22.5 μm induced by eddies in the tredge wake. This study demonstrates that PM deposition on leaves reduces 
exposure significantly in this school playground setting; hence, providing a cost-effective mitigation strategy.   

1. Introduction 

The annual average concentration of airborne particulate matter 
(PM) for UK urban background environments has declined over the last 
20 years. The concentration of PM2.5 (particles <2.5 μm in aerodynamic 
diameter) decreased from 12.8 μg/m3 in 2009 to 8.3 μg/m3 in 2021 
while PM10 (particles <10 μm in aerodynamic diameter) declined from 
36.7 μg/m3 in 1997 to 17.3 μg/m3 in 2015 (Department for Environ-
ment, Food and Rural Affairs, 2022). Despite these lower average PM 
concentrations, there is no level of particulate air pollution that can be 
considered safe and new findings (e.g. Weichenthal et al., 2022) have 
found increased mortality rates on exposure to outdoor PM2.5 concen-
trations <5 μg/m3. In urban areas, exposure to traffic-related air 
pollution has been linked to adverse health outcomes, to which young 
children are especially vulnerable (Makri and Stilianakis, 2008; Rovelli 
et al., 2014; Schwartz, 2004; Sunyer et al., 2015). The spatial distribu-
tion of PM varies significantly according to location (Maher et al., 2022; 
Sanders et al., 2003; Yang et al., 2015), with major roads and industrial 
areas having different “mixes” of airborne pollutants, some of which are 
more harmful than others (Hammond et al., 2022). 

Traffic-related pollution has two major sources: exhaust and non- 
exhaust emissions. Exhaust emissions consist of aerosols such as nitro-
gen oxides (NOx), sulfur dioxide (SO2), carbon dioxide (CO2), carbon 
monoxide (CO), together with other primary pollutants including semi- 
volatile organic compounds and solid particles (PM of varied sizes and 
composition) comprising carbon and various metals such as Fe, Mn, Ni, 
Cr, Pb, and Pt (e.g., Birmili et al., 2006; Gonet and Maher, 2019). Non- 
exhaust emissions are dominated by wear of brakes (Sanders et al., 
2003), tyres (Foitzik et al., 2018), road, and pavement surfaces (Gus-
tafsson et al., 2008; Kupiainen et al., 2005). In the UK, brake-wear PM 
primarily comprises Fe, and is a source of trace metals such as Cu, Zn, Sb, 
Sn, S, and Ba (Gietl et al., 2010; Gonet et al., 2021b; Kukutschová et al., 
2011; Sanders et al., 2003; Thorpe and Harrison, 2008). The 2016 
emissions data from the UK's National Atmospheric Emissions Inventory 
(NAEI) indicated that non-exhaust emissions constituted the primary 
source of PM2.5 (60 %) and PM10 (73 %) size fractions from road 
transport (Fussell et al., 2022). Previous studies in London, UK have 
estimated that traffic-related sources typically contribute around 
20–48.5 % of the total measured ambient PM10 in roadside micro- 
environments (Harrison et al., 2021; Hicks et al., 2021). 

Exposure to air pollution in urban settings can have adverse health 
effects on both children and adults at all life stages (i.e., including in the 
womb). According to epidemiological studies, exposure to air pollution 
can increase the risk of Alzheimer's (Anderson et al., 2012; Chen and 
Hoek, 2020; Pankhurst et al., 2008), dementia (Chen et al., 2017; Del-
gado-Saborit et al., 2021; Weuve et al., 2021), cardiovascular diseases 
(Brook et al., 2010; Newby et al., 2015; Schulz et al., 2005; Seaton et al., 
1995), and respiratory diseases (Dockery and Pope, 1994; Dominici 
et al., 2006; Leitte et al., 2012). Children who commute and study in 
schools situated near busy roads are at risk of exposure to traffic-related 
air pollution, leading to negative health implications such as reduced 
cognitive development and ability (Sunyer et al., 2015). Children can 
spend a considerable amount of their time outdoors in schools (up to 24 
% of their school time) (Tandon et al., 2018), where exposure to 
airborne PM from local traffic-related sources may be high. 

It is essential, therefore, both to monitor and mitigate PM exposure in 
a range of urban settings. Green Infrastructure (GI) may provide a fast, 
and cost-effective solution that could assist in both these tasks. GI en-
compasses various green elements, including street trees, vegetation 
barriers (e.g., hedges, green walls), and green roofs. GI in cities has 
emerged as a promising urban planning solution for addressing air 

quality concerns, promoting sustainability (Irga et al., 2015; Kremer 
et al., 2015), mitigating the urban heat island effect (Gago et al., 2013; 
Tiwari et al., 2021), and making buildings more energy efficient (Pérez 
et al., 2014). Using GI such as trees, shrubs, hedges, and grass (Nowak 
et al., 2006) can reduce exposure to PM air pollution in local “hotspots” 
that affect vulnerable populations such as young children (Maher et al., 
2013; Abhijith and Kumar, 2019; Kumar et al., 2019b; Lee and Mahes-
waran, 2011; Wang et al., 2019; Maher et al., 2022). Roadside GI in-
fluences local air quality through changes in airflow and resultant 
dispersion of particulate matter (PM), and/or by deposition of PM on its 
leaves. Well-designed GI next to heavily trafficked roads can potentially 
reduce particulate air pollution concentrations locally. However, 
depending on whether empirical or modelling approaches are taken, 
there is still considerable debate about the effectiveness of GI in 
reducing exposure to pollutants that may be hazardous to health. 

Experimental studies have shown that roadside greening can play a 
role in airborne PM abatement strategies. Recent studies have found that 
green infrastructure in open (non-street canyon) environments can 
reduce PM concentrations by between 26 and 46 % for PM1-PM2.5 
(Maher et al., 2022), 15–31 % for PM10-PM1 (Abhijith and Kumar, 2019) 
and another study found a 7 % and 9 % reduction in PM10 and PM2.5 
concentration, respectively, with a 21 % reduction in coarse PM (defined 
as PM10–2.5) (Abhijith and Kumar, 2020). These claims have been 
explored and backed by experimental evidence where up to 50 % 
reduction in time-averaged PM concentration at roadside vegetation has 
been observed (Deshmukh et al., 2019; Ottosen and Kumar, 2020). PM 
concentration data has also been substantiated by empirical evidence 
from scanning electron microscopy and energy dispersive spectroscopy 
(SEM-EDS), suggesting that a higher percentage (up to 12 %) of traffic- 
related PM was deposited on leaves facing the roadside compared to the 
back of the hedge (Abhijith and Kumar, 2020). Magnetic proxies have 
also been used to study the PM deposition effectiveness of certain tree 
species. A previous study concluded that roadside vegetation can 
decrease indoor airborne PM concentrations of adjacent houses by >40 
%, based on indoor PM measurements and magnetic and SEM-EDS 
analysis of newly installed roadside silver birch trees (Maher et al., 
2013). Additionally, however, it has been proposed that specific types of 
vegetation can serve as a barrier to airflow and, as a result, limit the 
transportation of PM between traffic-related sources of pollutants and 
individuals present in nearby buildings (Al-Dabbous and Kumar, 2014; 
Kumar et al., 2019a; Maher et al., 2022, 2013; Tiwari and Kumar, 2022; 
Tomson et al., 2021). Overall, these studies indicate that the reduction in 
PM due to roadside vegetation, such as an up to 17 % reduction in PM2.5 
concentration in Istanbul (Ozdemir, 2019) or an up to 15 % reduction in 
PM10 behind the greenbelt in Wuhan (Chen et al., 2015), is a result of a 
combination of deposition and dispersion. 

Conversely, studies based on computational fluid dynamic (CFD) 
modelling of the effect of roadside vegetation on airborne PM mostly 
indicate little air quality improvement. CFD-studies in Leicester city 
centre, U.K., on existing tall roadside trees found a reduction of 2.8 % for 
PM2.5 as a result of deposition (Jeanjean et al., 2016) and a 7–9 % 
reduction due to dispersion of traffic emissions by changing the airflow 
(Jeanjean et al., 2016, 2015). It is important to note that Jeanjean et al. 
(2015, 2016) state that PM reductions are slightly more effective when 
trees are planted in open areas. However, placing trees upwind of local 
traffic-related emissions means much of the leaf canopy is distant from 
the local PM sources, making PM capture (via deposition) unlikely. 
Moreover, in their modelling, tree canopy heights are assumed to be as 
high as the buildings (18 m); tall trees reduce vertical airflow, resulting 
in increased near-ground PM concentrations (more pronounced in street 
canyons where emissions get trapped). Some CFD studies (Chen et al., 
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2015; Hagler et al., 2012; Santiago et al., 2019, 2017) treat GI as 
impermeable barriers and conclude that solid barriers are more effective 
at reducing PM concentration on the downwind side as a result of re- 
routing airflow. However, this approach results in higher PM concen-
trations on the upwind roadside. 

To understand the various sets of modelling scenarios that lead to 
discrepancies in the reported efficacy of roadside GI, it is important to 
note the different parameters that govern the deposition and aero-
dynamic effects of vegetation and changes in airflow. The two key pa-
rameters that cause variations in determining efficacy of GI (Abhijith 
et al., 2017; Beckett et al., 2000; Janhäll, 2015; Maher et al., 2022) are 
1) vegetation (height, location, species, design, permeability) and 2) 
depositional velocity (Vd = F/C, where F = particle flow rate in μg m− 2 

s− 1 and C = particle concentration in μg m− 3). Vd also varies with plant 
species, leaf size, morphology, and density (Beckett et al., 2000; Mitchell 
et al., 2010; Zhang, 2001). According to a CFD modelling study per-
formed in an avenue (i.e., a street not surrounded by buildings) (San-
tiago et al., 2019), the characteristics of vegetation structure 
(combination of leaf area density and mix of hedge and trees, etc.) were 
most important in reducing black carbon (BC) concentrations downwind 
by up to 66 % (dependent on value of Vd used). GI with higher leaf area 
density helps create a turbulent flow for pollutant dilution, whilst also 
offering greater leaf surface area for particle impaction and deposition 
(Tiwari and Kumar, 2022), which explains greater PM deposition effi-
cacies from denser vegetation. Moreover, the aerodynamic contribution 
of vegetation is dependent on the prevailing wind direction which, in 
certain cases, can impede airflow, leading to higher concentrations of air 
pollutants (Buccolieri et al., 2011). The different ‘standard’ Vd values e. 
g., 1) 0.02 cms− 1 value for dry deposition of aerosols (Peters and Eiden, 
1992) (Vos et al., 2013) or 2) 0.64 cms− 1 for PM2.5 (Nowak et al., 2006) 
commonly under-represent actual, species-specific Vd values and hence 
force a relatively low depositional estimate and proportionally greater 
effect of airflow modification (Maher et al., 2022). Conversely, when 
modelling studies use higher Vd values, significant improvement in air 
quality has been simulated (Maher et al., 2022; Mitchell et al., 2010; 
Pugh et al., 2012; Santiago et al., 2017; Tallis et al., 2011; Wang et al., 
2019). 

Hence, the impact of GI on air quality in roadside environments can 
be both positive and negative depending on the interactions between the 
GI and air pollution in the local air flow, as well as site-specific factors 
such as the design of the GI and road width and height/scale of adjacent 
buildings (Abhijith et al., 2017). Previous studies have looked at air flow 
and pollutant transport in a built environment concluding that porous 
and solid barriers can improve air quality and GI parameters such as tree 
crown height, plant height, leaf density, and tree/plant spacing in-
fluences air quality improvement (Gallagher et al., 2015). Studies have 
also suggested that the vegetation has to be dense enough to allow 
deposition of PM on leaves but permeable enough to allow smoother 
airflow through it, concluding the need for careful designing of GI 
(Janhäll, 2015). 

The primary goal of this study was to use observational data from 
field measurements, and complementary independent analyses, to 
examine the impact of GI on reduction of local, traffic-derived PM 
pollution. Here, we build on a previous study done at St Ambrose pri-
mary school in Manchester, U.K. (Maher et al., 2022) to investigate 
further the efficacy of newly installed GI, ‘tredges’ (trees managed as 
head-high hedges) for PM removal at heavily trafficked roadsides. We 
present observational evidence of PM deposition on leaves and test the 
tredge's permeability. Using a combination of magnetic and microscopy 
methods, we quantify the amount of local, traffic-derived PM deposited 
on leaves. We also present a heuristic two-dimensional turbulent mixing 
model to show how differently sized PM is dispersed in the lee/wake of 
the tredge. The main objectives of this study are to (1) quantify PM at the 
roadside, immediately behind the tredge, and at the back of the play-
ground (30 m from the road) over a 5-day sampling period using 
traditional gravimetric and magnetic methods; (2) examine, using 

electron microscopy, the composition of the PM at the roadside, behind 
the tredge, and deposited on leaves; (3) quantify the magnetite con-
centration in the roadside and school side air and examine the magnetic 
PM at the roadside and on leaves; (4) quantify the removal of previously 
deposited PM from leaves by rainfall and by artificially washing the 
tredge; (5) demonstrate the permeability of the tredge to airflow using a 
novel CO2 tracer experiment, and (6) determine the combined effects of 
dispersion and deposition in reducing exposure to traffic-derived PM in 
an open environment via GI. 

2. Materials and methods 

2.1. Air sampling 

The study site (Supplementary Fig. S1) is located at St Ambrose 
Primary School, Manchester, immediately adjacent (i.e., within 1.5 m) 
of Princess Road (average 80,000 vehicles/day). We installed air sam-
pling pumps at four locations: (A) at the roadside (wire perimeter fence, 
no tredge), (B) on the roadside of the recently installed (July 2019) 
western red cedar tredge (deliberate selection based on efficient 
capturing of airborne ultrafine particles (UFPs) (Maher et al. (2022)); 
(C) on the school side of the tredge; (D) at the back of the school play-
ground (~30 m from the road). Airborne PM was collected using the 
“filter packs” technique (Allen et al., 1997). Two filter packs were used: 
(1) a 47 mm, 12 μm pore size Nuclepore polycarbonate pre-filter 
collected coarse mode particles having an aerodynamic diameter >
2.5 μm) and (2) 47 mm, 1 μm PTFE filter located downstream of the pre- 
filter collected the remaining fine and ultrafine particles. The sampling 
pumps (Charles Austen Pumps Ltd., Byfleet, U.K., model LD30) were 
equipped with gas meters (Schlumberger gas meters Gallus 2000). By 
running the pumps at 20 L/min, the PM size cut-off for the first filter was 
at 2.5 μm. Particles <2.5 μm passing through the polycarbonate filter are 
trapped on the PTFE filter. Hereafter, we refer to the PM on the poly-
carbonate filters as PM10 and on the PTFE filters as PM2.5. 

The pumps were run for five working days, between Monday 10/05/ 
22 and Friday 14/05/22, for a 9.5 h interval from 0730 to 1700 to 
measure PM at this heavily trafficked site during the morning and eve-
ning rush hours. Following the sampling campaign, filters were placed in 
polyethylene bags and refrigerated. For gravimetric analysis, the mass of 
collected material was determined by weighing the blank filters before 
and after the sampling campaign using a Mettler AT250 microbalance 
(with 0.01 mg precision). The filters were conditioned in a climate- 
controlled room at a temperature of 20 ◦C and humidity level of 50 % 
for 24 h before weighing. The filters were allowed to stabilise in the 
balance room and the mass values recorded after the number had 
stabilised. 

2.2. Leaf sampling 

On Day 1, to try to ‘re-zero’ the amount of PM already deposited on 
the leaves of the western red cedar tredge, we washed the hedge evenly 
with a hosepipe for 5 min. Leaf samples were collected on Day 1 (10/05/ 
22) at 0700 at inhalation height for children (1 m) across three different 
locations on both the roadside and school side of the tredge. In total, 3 
samples were collected on each side of the tredge. Additional leaves 
were collected on Day 3 (12/05/22) at 0730, after rainfall which began 
at 0500 and continued until 1230. Leaves were collected again on Day 5 
(0730, 14/05/22). The surface areas of the leaves were determined 
using a scanner, to normalize each measured magnetic parameter. 

2.3. Room-temperature magnetic granulometry 

For quantification and comparison of magnetic PM loading on the air 
filters and leaves, all samples were analysed for their bulk magnetic 
properties at the Centre for Environment Magnetism and Palae-
omagnetism (CEMP), Lancaster University. To estimate the amount of 
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stable single-domain ferrimagnetic particles (~25–80 nm), anhysteretic 
remanent magnetization (ARM) was measured. A Molspin AF demag-
netizer (with DC attachment) was used to impart an ARM in an 80 
milliTesla (mT) alternating current (AC) field and 100 μT direct current 
(DC) bias field. ARM susceptibility (χARM) was calculated by dividing 
ARM by the DC bias field. To measure the total concentration of 
remanence-carrying ferrimagnetic particles (> ~ 25 nm) of our samples, 
room-temperature saturation isothermal remanent magnetization 
(SIRM) was acquired at 1 T using a Newport electromagnet. All our room 
temperature remanence measurements were made on an AGICO JR-6A 
magnetometer (sensitivity 2.4 × 10− 6 Am− 1). 

2.4. Low-temperature magnetic measurements 

To quantify the concentration of superparamagnetic (SP) particles 
(<~25 nm), we performed low-temperature SIRM measurements on 
leaves and filter samples collected from either side of the tredge, using a 
Quantum Design Magnetic Property Measurement System (MPMS) at 
the Maxwell Centre, University of Cambridge. We measured room- 
temperature SIRM (RT-SIRM) warming and cooling curves, zero-field 
cooled (ZFC), and field-cooled (FC) curves to confirm the magnetic 
mineralogy of our samples. We also measured room-temperature (300 
K) and low-temperature (5 K) hysteresis loops to quantify the mean 
magnetite content in our samples. 

2.5. Hysteresis loops and first-order reversal curves (FORCs) 

Hysteresis loop and FORCs can be used to determine bulk magnetic 
variations in samples. Room (300 K) and low (5 K) temperature hys-
teresis loops for filter B, C, and D were acquired on the MPMS and the Ms 
value was obtained from each loop and used as a magnetic proxy. All 
FORCs were measured on a LakeShore Vibrating Sample Magnetometer 
(VSM) Series 8600 at the Department of Materials Sciences, University 
of Cambridge except for the leaf sample. FORCs were measured on four 
PM10 filters, one PM2.5 filter, and one roadside leaf sample (measured on 
the Princeton Micromag 2900 Alternating Gradient Magnetometer). 513 
FORCs were acquired for each sample in discrete mode using field steps 
of 1 mT and an averaging time of 300 ms. FORC diagrams were pro-
cessed with the FORCinel software (Harrison and Feinberg, 2008) using 
VARIFORC smoothing (Egli, 2013). 

2.6. CO2 tracer experiment 

CO2 tracer experiments are normally used in indoor environments; 
however, we simulated air (+ airborne PM) flow using a CO2 fire 
extinguisher as a tracer gas to measure the airflow rate along and 
through the installed tredge. 18 CO2 monitors were placed along parallel 
and perpendicular profiles of the tredge to detect gas concentrations (3 
failed to register any data) (Supplementary Fig. S3). During the exper-
iment, 16 pulses of CO2 were released, each lasting 2–3 s, at different 
positions both parallel and perpendicular to the tredge and the evolving 
concentration of CO2 was measured using the array of monitors. An 
anemometer was placed on each side of the hedge to measure the mean 
wind direction and speed. 

2.7. Modelling particle flow across the hedge 

To model the flow, mixing, and fall out of the particles, we present a 
simplified model to capture the length scale over which we expect sig-
nificant dilution (by mixing with ‘cleaner’ air behind the tredge) and 
settling to occur. Eddies are generated by wind deflected over the tredge 
(we assume impermeable tredge in this simplified model). This leads to 
the evolution of the particle concentration according to the following 
relation downwind of the tredge (Cushman-Roisin and Beckers, 2011): 

u
∂c
∂x

− v
∂c
∂y

=
∂
∂y

(

D
∂c
∂y

)

(1)  

where x and y are the downwind distance and height, respectively, of the 
tredge (Supplementary Fig. S2), v = fall velocity (ms− 1), c = concen-
tration (kgm− 3), D = eddy diffusivity (m2s− 1), u = wind speed (ms− 1). In 
terms of particle settling, the fall speed (v) of the particle is given by 
Stokes' law: 

v =
2gr2ρp

9μA
(2)  

where g is gravity at 9.81 ms− 2, ρp= particle density (kgm− 3), r = par-
ticle radius (m), μA= viscosity of air (1.8 × 10− 5 kgm− 1 s− 1). We can 
model the eddy diffusivity, in terms of u, the wind speed, and h, the 
tredge height, noting that the diffusivity falls to zero near the ground, so 
it has the form: 

D ∼ 0.1uhf
(

y
hb

)

where the coefficient 0.1 relates to the eddy speed being a fraction of the 

wind speed u, and the function f
(

y
hb

)
has value f = 1 for y > hb and falls to 

zero as y → 0, hb is the depth of the boundary layer near the ground 
where the turbulent diffusion falls to zero. To make progress, it is 
convenient to take a vertical integral and this leads to the relation for the 
net horizontal flux of particles of concentration c, given by f as: 

df
dx

= u
d
dx

∫ H

0
c dy = − vc0 (3)  

Where H ≫ h and c(H) = dc
dy∣H = 0. 

Since the horizontal length scale over which the particles settle is 
much greater than the tredge height, owing to the small fall speed 
compared to the wind speed, we expect that after some mixing the 
vertical extent of the particle-laden flow will be of the depth scale 

( D
v
)

and the flux of the particles scale as f ∼ uD
v c(x,0). We deduce that the 

concentration decays downwind of the tredge according to: 

dc
dx

(x, 0) = −
v2

Du
c(x, 0) (4)  

and solving it, 

c(x, 0) ≅ c(0, 0)exp− v2 x
Du (5)  

where 
( D

v
)
∼ 0.1uh

v is the depth of the flow. For concentration decay we 
assumed a windspeed of 3 ms− 1 from our windspeed data and h = 1.5 m. 

2.8. Electron microscopy 

Scanning electron microscopy (SEM) was performed on PM10 and 
PM2.5 roadside filters and a leaf sample using a Thermo Fisher Quanta- 
650F SEM. Samples were mounted on an SEM stub and carbon coated to 
prevent charging. All backscatter electron (BSE) imaging and energy 
dispersive x-ray spectroscopy (EDS) were done at an accelerating 
voltage of 15 kV. Samples for transmission electron microscopy (TEM) 
were prepared by placing a PTFE filter (PM2.5) in a 3 ml Eppendorf tube 
and displacing particles by ultrasonicating the suspension for 60 s in 
distilled water. A micropipette was used to take a few drops of the 
suspension onto a copper TEM grid and left to dry overnight. TEM was 
performed on a Tecnai Osiris FEG TEM at an accelerating voltage of 200 
kV; collecting TEM high-angle annular dark-field (HAADF) imaging in 
scanning transmission electron microscopy (STEM) mode, and EDS 
maps were collected using 4 Bruker silicon drift detectors (SDD). 
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3. Results 

3.1. Spatial variation in PM mass concentrations 

For the sampling period 09/05/2022 to 13/05/2022 (0730–1700 
every day), the measured PM10 concentrations at each sampling site 
exceeded the World Health Organisation (WHO) annual mean limit of 
15 μg/m3. The PM10 concentration for Site A (roadside, no tredge) 
averaged 26 μg/m3, Site B (roadside of the tredge) averaged 21.7 μg/m3, 
Site C (school side of the hedge) averaged 19.7 μg/m3, and Site D (back 
of the playground, ~30 m from the road) averaged 18.2 μg/m3. PM2.5 
concentrations at Sites A, B, and C were similar at 5.0 μg/m3, 6.1 μg/m3 

(the same as 5-month average of 6.1 μg/m3 in the previous study (Maher 
et al., 2022) and 5.9 μg/m3, respectively; at Site D, it was about 3 × less 
and averaged 2.4 μg/m3 (Fig. 2). 

Over the 5-day averaged sampling period, the school side of the 
tredge (Site C) is 9 % and 3 % lower in PM10 and PM2.5 concentrations, 
respectively from roadside locality. In comparison, PM2.5 reduction at 
Site C was ~15 % in the previous study (Maher et al., 2022) compared 
with the roadside location (Fig. 1). At playground Site D (~30 m from 
the road), PM10 and PM2.5 concentrations are 23 % and 60 % lower, 
respectively, compared with Site B (roadside, tredge). 

The airborne PM concentrations measured in urban environments 
comprise a background ‘regional’ PM component in addition to any 
local, e.g., traffic-related, PM increment. PM10 and PM2.5 background 
concentration data were obtained from the Manchester Supersite (real- 
time measurements using Palas FIDAS200 at the Firs Environmental 
Research Station, Fallowfield Campus, Manchester). The local, traffic- 
derived PM10 increment could thus be estimated as ~40 % at Site A 
(w/o tredge), 29 % at Site B (roadside, tredge), 21 % at Site C (school 
side, tredge) and 17 % at Site D (playground). The local PM2.5 increment 
constituted 66 % at Site A (w/o tredge), 67 % at Site B (roadside, 
tredge), 60 % at Site C (school side, tredge) and 16 % at Site D 
(playground). 

3.2. Magnetic PM concentration on air filters 

In previous studies, the amount of magnetic PM deposited on road-
side leaves has been used as a proxy for temporal and spatial variations 
of airborne PM (Hansard et al., 2012, 2011; Hofman et al., 2014a; 
Matzka and Maher, 1999; Mitchell and Maher, 2009; Sheikh et al., 2022) 

and to estimate magnetite grain size variations. Similarly, in this study, 
the magnetic signal is primarily used as a proxy for locally generated, 
magnetically enriched traffic-related PM. All magnetic measurements of 
air filter samples are normalised to a unit volume (1 m3) of air sampled. 

3.3. Spatial variation in RT-SIRM proxy 

Room-temperature SIRM (RT-SIRM) indicates the total contribution 
of stable remanence carriers (magnetic PM) at 300 K (Fig. 2). The 
measured RT-SIRM value for the PM10 filter from the roadside of the 
tredge (Site B) is 4.44 × 10− 10 Am− 1, 3.33 × 10− 10 Am− 1 (i.e., 25 % 
lower) at the school side of the tredge (Site C), and 1.79 × 10− 10 Am− 1 

(60 % lower) at back of the playground (Site D) (Fig. 2A). 
For the PM2.5 filters, the RT-SIRM values are 2.68 × 10− 10 Am− 1 at 

Site B, and 6.79 × 10− 11 Am− 1 at Site C, making a 75 % reduction on the 
school side of the tredge. At the playground (Site D), the value is 9.50 ×
10− 11, slightly higher than Site C, but 65 % lower than the roadside Site 
B (Fig. 2B). 

3.4. Spatial variation in LT-SIRM proxy 

By measuring low-temperature SIRM (LT-SIRM at 5 K), the rema-
nence contribution is captured from very fine ferrimagnetic particulates 
(<~25 nm) that are otherwise thermally unstable at room temperature. 
For the PM10 filters, the LT-SIRM value is highest at the roadside, 39 % 
lower at the school side of the tredge and 82 % lower at the playground 
(Fig. 2C). For the PM2.5 filters, roadside and behind-tredge LT-SIRM 
values are 1.47 × 10− 9 Am− 1 and 5.11 × 10− 10 Am− 1 respectively, 
marking a 65 % reduction in magnetic PM on the school side of the 
tredge. At the playground site, the LT-SIRM value is 4.91 × 10− 10, 67 % 
lower than at the roadside of the tredge and 4 % lower than the school 
side of the tredge (Fig. 2D). 

3.5. Spatial variation with χARM proxy 

Room-temperature ARM measurements are sensitive to the concen-
tration of ultrafine stable single-domain particles (~25–80 nm) (Maher, 
1988). Normalising the filter χARM values for pumped air volume, there 
is a 46 % reduction in the PM10 χARM value from the roadside to behind 
the tredge, and a 60 % reduction between the roadside and the play-
ground (Supplementary Fig. S4). For the PM2.5 filters, values for the 

Fig. 1. (a) PM10 and (b) PM2.5 concentrations measured at the four sampling sites. All pumps were switched on from 07:30 to 17:00 every day for five sampling days.  
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roadside and behind-tredge sites are 2.68 × 10− 4 and 2.01 × 10− 4 

respectively, marking a 25 % reduction on the school side of the tredge. 
At the playground site (~30 m from the road), the χARM is 24 % higher 
than Site A (roadside w/o tredge) and 99 % higher than Site B (roadside 
with tredge). 

3.6. Spatial variation with Ms as a proxy 

Saturation magnetisation (Ms) is a measure of the total contribution 
from ferrimagnetic PM. The value of Ms at 300 K and at 5 K for PM10 
decreases by 87 % and 78 % respectively at the playground compared to 
the roadside tredge (Fig. 3A and B). Similarly, Ms at 5 K for PM2.5 from 
the roadside to the school side of the tredge drops by 82 % but registers 
an increase at the playground by 17 % (Fig. 3D) compared to roadside 
tredge. Cumulative Ms (PM10 + PM2.5) at 5 K value decreases by 48 % 
and 64 % at the school side of tredge and playground, respectively, 
compared with the roadside of the tredge (Fig. 3F). 

Moreover, in low-temperature (5 K) measurements (Fig. 3B, D, F), 

the Mrs/Ms value (obtained from hysteresis data, Supplementary Fig. S5) 
of between 0.08 and 0.2 for the playground and roadside sites demon-
strates the presence of superparamagnetic particles <5 nm, while an 
Mrs/Ms value of 0.55 observed on the school side of the tredge indicates 
only single-domain particles >5 nm are present. 

3.7. Magnetite weight% on filters 

RT- and LT-saturation magnetisation measurements can be used to 
estimate the proportion of magnetite in the total mass of PM10 and 
PM2.5. Assuming the dominant iron-oxide phase is magnetite, by taking 
the experimental Ms value and dividing by the theoretical Ms value for 
magnetite, we can estimate the mass of magnetite on each filter. Sub-
sequently, this is divided by the total dust mass on the filters to get 
magnetite weight % (Supplementary Table S2). Our low temperature 
calculations show that magnetite wt% estimates for the PM10 filter and 
PM2.5 filter at Site B is 1.7 % and 1.2 %, respectively; Site C: PM10 (1.4 
%) and PM2.5 (0.2 %); Site D: PM10 (0.5 %) and PM2.5 (4.1 %). 

Fig. 2. SIRM per m3 of air for PM10 and PM2.5 filters measured at room-temperature (A, B) and 5 K (C, D). Data is presented for Sites B–D. Site A was not measured.  
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3.8. Magnetic concentration on leaves 

The total amount of magnetic PM deposited on the tredge leaves was 
quantified by measuring leaf area-normalised RT-SIRM (Fig. 4) for 
roadside and school side localities of the tredge. Artificially washing the 

tredge for 5 min with a hose was effective in reducing the RT-SIRM 
values by between 7 and 30 % (Fig. 4A) - this gave us a reference RT- 
SIRM value to compare further sampling data. After exposing leaves 
for two days (i.e., 2 days after washing the tredge), leaves collected on 
Wednesday from the roadside have significantly higher SIRM values 

Fig. 3. Saturation magnetisation per m3 of air (Ms) (bars) and Mrs/Ms ratio (yellow circles) for Sites B–D at 300 K (A, C, E) and 5 K (B, D, E). Data are shown for PM10 
(A, B), PM2,5 (C, D) and for the sum of both PM10 and PM2,5 (E, F). 
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than those from the school side (Fig. 4A and B), demonstrating active 
deposition of magnetic particles on the tredge. On Wednesday, RT- 
SIRM/area values for the roadside ranged between 137 × 10− 6 A and 
298 × 10− 6 A, with an average of 211 × 10− 6 A; school side leaves had 
slightly lower magnetic loading, ranging between 93 × 10− 6 A and 275 
× 10− 6 A, with an average of 175 × 10− 6 A. The rainfall event on 
Wednesday washed off PM from the leaves' surface, likely to have 
lowered the SIRM signal by anywhere between 50 and 70 % (Xu et al., 
2017). On Friday, RT-SIRM values for all leaves were lower than those 
recorded on Wednesday (between 24 and 69 % lower) except for two 
roadside localities—DR (dense vegetation) and LR (less dense vegeta-
tion) which were 10 % and 15 % higher than on Wednesday (Fig. 4B). 

Following (Maher et al., 2022) we used the leaf magnetic loadings to 
estimate that ~23 % of local, traffic-derived PM10 was removed by 
deposition on the tredge (Supplementary Table S4). 

3.9. Magnetic particle size and composition on the filters and leaves 

An estimate of the superparamagnetic (SP) contribution in our 
samples was calculated by comparing the LT-SIRMZFC at 10 K to the RT- 
SIRM at 10 K. This measure provides an estimate of particles which are 
not capable of holding remanence when magnetized at room tempera-
ture (unblocked SP) but can hold a remanence when cooled to 10 K 
(blocked SP). The SP fractions in our PM10 and PM2.5 filters for pumps B 
and C comprise around 99 % and 90 % of the total remanence-carrying 
particles at 5 K (Table 1). Previously, similarly high SP contributions of 
up to 88 % have been reported in roadside PM (Sagnotti et al., 2006; 
Saragnese et al., 2011) and in brake wear-derived PM (Gonet et al., 
2021b). 

Leaf sample (LR02) and filters (BT, CT, DT etc.) (Supplementary 
Fig. S6) showed some evidence of dampened Verwey transition at 

around 110 K (lower temperature than expected for stoichiometric 
magnetite (125 K). This dampened signature has been associated with 
surface-oxidised magnetite due to maghemitization process in previous 
studies (Özdemir et al., 1993; Özdemir and Dunlop, 2010). 

3.10. Microscopy 

3.10.1. PM on air filters and leaf surface 
Scanning electron microscopy (SEM) and energy dispersive spec-

troscopy (EDS) data show that the ambient PM is dominated by irreg-
ularly shaped non-anthropogenic silicate minerals, salt, and 
anthropogenic (traffic-related) metal-oxide particles (such as Fe-oxide) 
(Fig. 6). Most of the non-anthropogenic particles are between 1 μm 
and 15 μm; traffic-related particles are much finer and on average are in 
the <2.5 μm size fraction. EDS data for the leaf sample shows that its 
surface-deposited PM consisted mostly of C, Si, Ca, Na, and Fe. Trans-
mission electron microscopy (TEM) (Fig. 5) shows that the Fe-bearing 
nanoparticles (<20 nm) occur both discretely (1–10 nm) and as 
agglomerated clusters (up to 5 μm). EDS maps from high-angle annular 
dark-field (HAADF) imaging in scanning transmission electron micro-
scopy (STEM) mode confirms the presence of abundant rounded Fe- 
oxide nanoparticles with an aspect ratio of >0.9 and sizes <5 nm, 
which are small enough to remain superparamagnetic at 5 K. 

3.10.2. FORC fingerprints of magnetic PM 
Our SEM and FORC data (Supplementary Fig. S7) suggest that most 

of the magnetic PM on the leaves is dominated by particles <2.5 μm. The 
FORC diagrams (Supplementary Fig. S7) confirm the presence of SP, SD, 
and vortex/pseudo single domain behaviour. According to micro-
magnetic simulations of Lanci and Kent (2018), we attribute the peak at 
the origin to a viscous SP component. The samples also show evidence of 

A B
Rain

10
-6

10
-6

Fig. 4. (A) spatial and (B) temporal variation in RT-SIRM (normalised to leaf surface area) on roadside and school side locations of the tredge on different sampling 
days. BW: Before Washing; AW: After Washing. Sampling was done at 7 30 am on each day. DS (dense vegetation), LS (low vegetation), ES (edge of the tredge) refer 
to school side, while DR, LR, ER refer to roadside leaf sampling locations. The dotted line is a subjective guide to the eye showing the likely variation in SIRM over the 
5-day sampling campaign. 

Table 1 
SP particle contribution to the magnetic PM on the PM10 and PM2.5 filters.  

St. Ambrose School PM10 PM2.5 

9–13.05.2022 LT-SIRMZFC-5K (Am2) RT-SIRM5K (Am2) SP % LT-SIRMZFC-5K (Am2) RT-SIRM5K (Am2) SP % 

A (roadside, no tredge) – – – – – – 
B (roadside, tredge) 5.90E-07 1.47E-09 99.8 7.18E-08 8.24E-09 88.5 
C (school side, tredge) 4.71E-07 3.25E-09 99.3 3.27E-08 3.25E-09 90.1 
D (playground) 1.08E-07 3.68E-09 96.6 2.47E-08 2.00E-09 91.9  
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a tail extending to higher coercivities (BC) of up to 150 mT, which 
suggests the additional presence of SD grains. Previous FORC roadside 
signatures have assigned diverging contours from the origin, along the 
Bu axis to a strong multi-domain (MD) signal (Sagnotti et al., 2009; 
Winkler et al., 2022, 2021), or a weaker MD signal as reported in Sheikh 
et al. (2022). However, the lack of a strong MD signal in the leaf FORCs 
of Sheikh et al. (2022), despite the presence of >5 μm spherule particles 
observed in microscopy, was explained by the dendritic form of the 
spherules, which is likely to reduce the effective grain size to <1 μm and 
introduce a strongly interacting component. Moreover, the apparent MD 
signals observed in brake pad residues in the Sheikh et al. (2022) study 
were caused by the presence of metallic particles in vortex states, which 
produce a distinctive combination of high coercivity ridge signals and 
low coercivity, vertically spread signals (Lappe et al., 2013). In Man-
chester roadside samples, we do observe some vertical spreading of 
contours along the Bu axis that can be attributed to particles at the upper 
end of the vortex size range, with some samples (e.g., BP and CP in 
Fig. S7) having slightly more pronounced vertical spread at low 

coercivities than others, indicating a transition to more MD behaviour. 
The contours for playground filter (DP) and the leaf (LR02) close at 
lower coercivities of 30–40 mT. Essentially, all samples here indicate a 
characteristic tri-lobate signal that we associate with vortex states and 
particles that may possibly stray into the MD size range. 

3.11. Two-dimensional turbulent fluid flow model 

According to the turbulent model used in this study, PM concentra-
tions of variable composition with an aerodynamic diameter of 0.01 
(100) μm will decline by ~1 % (− 99.9 %) between 0 and-30 m distance 
downwind of the tredge (Fig. 7 for FeO, Supplementary Fig. S9 for other 
chemical compositions). This suggests that in the playground there is 
very little loss of ultrafine particles from the airflow through gravita-
tional settling. Additionally, there is very little dilution of the airborne 
UFP particle concentrations induced by the turbulent mixing from an 
initial depth h of the tredge to the depth D/v~0.1 u

v h. Hence the 

Fig. 5. (A) Transmission electron microscopy (TEM) bright-field (BF) image showing Fe-oxide nanoparticles (<20 nm) embedded in a larger particle; (B) zoomed in 
image showing nanoparticles <5 nm in diameter; (C) energy dispersive x-ray spectroscopy (EDS) elemental maps for Fe and O; (D) selected area diffraction (SAED) 
pattern showing randomly oriented magnetite crystals. 
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concentration of isolated UFP particles will show negligible reduction, 
via either settling or dispersion, in the air between the roadside source 
and the back of the playground (30 m from the roadside). Indeed, PM 
would have to be larger than ~10 μm for settling and particle dispersion 
to result in a substantial reduction in PM concentrations across the 30 m 
distance here. 

3.12. Permeability of the tredge: CO2 tracer experiment 

We assessed the permeability of the tredge by releasing pulses of fire 
extinguisher CO2 and then monitoring CO2 levels within and through the 
tredge (Supplementary Fig. S3). 18 pulses were released both perpen-
dicular and parallel to the tredge, and the subsequent spreading of this 
tracer measured over time. The monitors detected flow of the tracer 

Fig. 6. Images taken using scanning electron microscopy (SEM). Backscatter electron images (BSE). A and B (Leaf); C (PM2.5 filter); D (PM10 filter).  

Fig. 7. Decay in concentration (%) of differently sized FeO particles with distance (m) modelled using a two-dimensional fluid flow mixing model. Particles <22.5 
μm are dominated by dispersion processes while particles >22.5 μm are dominated by settling processes. 

H.A. Sheikh et al.                                                                                                                                                                                                                               



Science of the Total Environment 903 (2023) 166598

11

through the tredge. First arrival times (TA) of the CO2 gas across the 
tredge varied between 3 and 5 s for all the pulses fired parallel to the 
tredge (AA′ and CC′); and 2–4 s for the pulses fired perpendicular to the 
tredge (DD′, EE′, or FF′). 

The mean travel speed after firing a pulse to first detection (at 
monitors along the plane) was around 0.5 m/s. The pulse then enters the 
tredge where the monitors (at 1.1 m height) detected CO2 tracer at 
different times, suggestive of flow mixing within the tredge. The mon-
itors at the top (1.7 m height) of the tredge (25, 14, and 16) detected the 
signal later than monitors in the middle of the tredge. 

The mean travel speed decreased further when the tracer CO2 gas 
travelled from roadside to school side through the tredge. This was 
calculated by subtracting the TA (s) at school side monitors with TA (s) 
from the tredge monitors, and using the shortest distance between the 
two monitors, giving mean travel speed of around 0.06 m/s. 

The magnitude of the initial CO2 pulse was highest when fired 
perpendicular to the tredge. In contrast, where the pulse was fired 
parallel to the tredge, the signal was rapidly more diluted, partly 
because of dispersion caused by wind (see rose diagram, Supplementary 
Fig. S10). 

Fundamentally, these data demonstrate qualitatively that the tredge 
is permeable to airflow to a certain extent but sufficiently slowly 
permeable to cause deflection of some air over the tredge. This means 
that airflow through the tredge allows for ‘slow filtering’ and deposition 
of particles on the leaves through diffusion (discussed in detail later). 
However, quantification of any differences in mean travel speed of the 
tracer upon reaching the tredge (0.5 m/s) vs. its transport through the 
tredge and arrival at the school side (0.06 m/s) is prone to large human 
reaction error as TA (s) were recorded using a stopwatch. Further, there 
are insufficient data to identify whether the mixing within the tredge 
reflects the ambient wind speed or the transport speed (i.e., vehicles 
generating eddy currents when moving around the S–N direction) 
(Supplementary Figs. S1, S10). 

4. Discussion 

4.1. Spatial variation in PM concentration 

Gravimetric PM10 concentration reductions of 9–16 % were observed 
at Site C and Site D compared with roadside Site B. Notwithstanding the 
uncertainty in local background PM concentrations, the efficacy of the 
tredge in reducing the contribution from local, traffic-derived PM can be 
assessed. Taking at face value the background PM10 concentration from 
the Manchester Supersite (see methods) of 15 μg/m3, a drop of up to 50 
% in local, traffic-derived PM can be estimated between Site B and D. 
Our data and modelling show that this reduction arises from two 
mechanisms: principally a) the deposition of PM on tredge leaves (as 
shown in Fig. 4 and Supplementary Table S4) and b) a very minor 
reduction arising from turbulent mixing of particle-enriched air with 
‘cleaner’, background air in the wake of the tredge (Fig. 7 and Supple-
mentary Fig. S2). 

In our heuristic fluid flow model, we assume that some of the air will 
be deflected over the tredge and will cause eddies downwind of the 
tredge. The mixing model shows that particle concentrations below a 
certain size (~<22.5 μm) and density are not governed by Stokes' 
settling and that the dominant airflow effect of the tredge is the turbu-
lent mixing that occurs in its wake. Given the simplicity of the model and 
its underlying assumptions, we consider the predicted values of the 
dispersion-related drop in PM concentrations from roadside to back of 
the playground order-of-magnitude estimates only. The model predicts 
≪1 % reduction in PM10 at 1 m distance from the roadside (i.e., behind 
the tredge, whereas; the measured reduction is 9 %). The larger-than- 
predicted reduction in PM10 indicates the removal of airborne parti-
cles through their deposition on the tredge leaves. At 30 m distance (i.e., 
the back of the playground), the modelled PM10 reduction from 
dispersion is <10 %, similar to the measured reduction, 7.6 %. 

However, gravimetric methods are not ideally suited to monitor the 
local, traffic-derived PM, which is dominated by ultrafine particles that 
contribute greatly to the number concentration but little to the mass 
concentration. Magnetic measurements, on the other hand, comprise a 
more targeted proxy due to the Fe-oxide-rich, ultrafine nature of traffic- 
derived PM emissions (e.g., Gonet et al., 2021a). 

4.2. SP fraction estimation 

Our air-volume-normalised Ms data (Fig. 3) are a better proxy than 
previously used RT-SIRM proxy (Hansard et al., 2011, 2012; Hofman 
et al., 2014b; Maher et al., 2008, 2013; Mitchell et al., 2010; Mitchell 
and Maher, 2009) as they are faster and increasingly more widely 
available and can measure the total ferrimagnetic signal across all 
ferrimagnetic grain sizes, even sub-5 nm particles. In traffic-related PM, 
the SP fraction constitutes a significant proportion of the total magnetic 
PM fraction, and therefore, needs to be quantified. We observe the cu-
mulative LT-Ms at 300 K (PM10 + PM2.5) value decreases by 48 % and 67 
% at the school side of tredge and playground, respectively, compared 
with the roadside of the tredge (Fig. 3E). Moreover, the drop in magnetic 
loading between the front (Site C) and the back of the playground (Site 
D) is far greater (31 %) is than would be predicted based on the presence 
of isolated magnetic particles in the SP size range (Fig. 7). This obser-
vation implies that any settling of magnetic PM observed between the 
school side of the tredge, and the back of the playground is due to either 
agglomeration of UFPs to make larger clusters and/or to the attachment 
of UFPs to the surfaces of much larger particles (Fig. S8). 

4.3. PM deposition on leaves 

Fig. 3A shows a ~40 % drop in magnetic loading (Ms at 300 K for 
PM10) between the roadside and school side of the tredge (i.e., over ~1 
m distance), followed by a further 63 % drop between the front and back 
of playground, giving a combined drop of ~78 % in total magnetic 
loading. The 40 % drop over ~1 m is far greater than expected due to 
dispersion alone (<1 %; Fig. 7) and is attributed to deposition of parti-
cles on the tredge leaves. The drop in magnetic loading between the 
roadside and the school side is even more pronounced in the magnetic 
PM2.5 fraction (82 %). This hints at a preferential attraction of ultrafine 
particles to leaf surfaces, suggesting greater ultrafine particle deposition 
or adsorption by leaves, as previously reported by (Wang et al., 2019). 
We believe that the efficient deposition of the sub-5 nm particles is 
dominated by diffusional processes and cannot be due to inertial or 
gravitational setting as they have so little mass. The deposition on leaves 
can be seen as analogous to deposition of inhaled PM in the respiratory 
tract. The typical diffusion distances for nanoparticles can be calculated 
based on the diffusion coefficient determined by the Stokes-Einstein 
equation (Hussain et al., 2011; Zhang and Kleinstreuer, 2004) (Sup-
plementary Text S1). We know from these equations that the diffusion 
length for smaller particles is greater, and if the gap between leaves is 
smaller (dependent on leaf density), there is a higher probability for the 
particles to be deposited. For example, for a diffusion length (2*D*t)1/2 

(Supplementary Text S1); assuming a particle spends around 10 s inside 
the tredge (an approximation based on the slowdown of CO2 tracer 
velocity inside the tredge, likely influenced by wind speed and different 
leaf density), diffusion length (distances) for 1 nm particles are of the 
order 1 cm for a 10 s residence time, 0.1 cm for 10 nm particles and 0.01 
cm for 100 nm particles. Where the diffusion length approaches the 
distances/gaps between leaf surfaces, the deposition efficiency ap-
proaches 100 %. Therefore, in this particle range we would expect a) 
efficient deposition overall, b) 100 % deposition of the very fine parti-
cles, and c) <100 % deposition of >5 nm particles. This is in agreement 
with previous studies which found that the PM contributions of PM1 >

PM2.5–1 > PM10–2.5, accounted for 66 %, 29 % and 5 % of the total 
deposited particles on leaves (Abhijith and Kumar, 2020), or that 96 % 
of the particles deposited on leaves were <2.5 μm (Song et al., 2015). 
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Moreover, assuming that the magnetic signal is mostly traffic- 
derived, as supported by the Fe-oxide particle size and morphology 
(<1 μm, aspect ratio = 0.9, Supplementary Table S3) observed by SEM 
and TEM, our magnetic measurements demonstrate that removal of ul-
trafine, traffic-derived PM by deposition on the tredge is highly efficient. 
This conclusion is strongly supported by the accompanying changes in 
Mrs/Ms observed at 5 K (Fig. 3). The majority (>90 %) of Fe-oxide 
particles in these samples are SP at room temperature. At 5 K, howev-
er, we would expect most of these particles to be below their blocking 
temperature and therefore to behave as stable single-domain particles 
with Mrs/Ms ≥ 0.5. The low values of Mrs/Ms = 0.08–0.3 (Fig. 3) in the 
roadside PM2.5 fraction at 5 K can be explained if ~40–80 % of the 
magnetic signal is carried by particles <5 nm in size; i.e., that are still in 
an SP state at 5 K (Dunlop, 2002). The prolific presence of sub-5 nm PM 
in our roadside samples is consistent with a recent air pollution study in 
London (Muxworthy et al., 2022) which found that up to 40 % of the 
magnetic signal at 10 K arises from sub-4 nm particles in size. The 82 % 
drop in magnetic loading observed in the PM2.5 fraction on the school 
side of the tredge is accompanied by an increase in Mrs/Ms to ideal 
single-domain values (>0.5), consistent with the complete removal of 
the sub-5 nm fraction (as well as a proportion of the >5 nm larger single- 
domain particles). This observation demonstrates unequivocally that 
deposition, rather than dispersion, is responsible for the large drop in 
concentration of ultrafine traffic-related PM (dispersion would reduce 
magnetic loading without impacting Mrs/Ms). Direct observation of 
abundant Fe-oxide particles in the sub-5 nm size range of the roadside 
PM is provided in Fig. 5. A return to roadside values of both magnetic 
loading and Mrs/Ms in the PM2.5 fraction at the back of the playground 
provides strong evidence for some direct mixing of roadside air with 
playground air at increased distance from the tredge. It is possible that 
there is a fresh supply of traffic PM travelling over and/or through the 
gap in the tredge (Fig. S1, Site A). Previous roadside studies (e.g., 
(Davison et al., 2009) have similarly identified highest particle number 
concentration (PNC) tens of metres away from a busy road. These au-
thors also observed that the PNC peak coincided with an increase in <50 
nm particles. Although some traffic-derived PM makes its way over the 
tredge (and/or through the tredge gap) to the back of the playground, 
the overall ~64–67 % reduction in total magnetic loading in the play-
ground (Fig. 3E, F) represents a remarkable degree of protection given 
the simplicity, speed, and low cost of installing GI. Our magnetic 
methods provide a targeted means to test the spatial efficacy of GI in 
reducing exposure to the ultrafine fraction of local, traffic-derived PM, 
which could lead to improvements in design and implementation of GI 
in the future. 

4.4. Temporal variation of magnetic PM 

Based on the leaf magnetic loading results, PM deposition on leaves 
registered an increase between Monday (when the tredge was artificially 
washed) and Wednesday (Fig. 4A), confirming deposition of magnetic 
nanoparticles from the locally derived traffic source. Using the leaf 
magnetic data, around 23 % of local, traffic-derived PM10 is removed by 
deposition on the tredge, consistent with previous estimates of 7–29 % 
(Maher et al., 2022). This approximation is consistent with the magni-
tude of the drop in PM10 magnetic loading of the filter samples on either 
side of the tredge. It is important to note that % removal of PM is an 
estimate, and only tell us about the pollution that is removed from air 
passing through the vegetation and nothing about whether the PM-laden 
air either moves through the vegetation or around it (Pearce et al., 
2021). However, our permeability experiment, using CO2 as a tracer, 
confirms that the tredge is permeable enough to allow ‘slow filtering’ 
and subsequent deposition of locally sourced anthropogenic particles on 
leaves. After a rainfall event on Wednesday morning, it is likely that 
some of the leaf-deposited PM accumulated over two days was washed 
off the leaf surface, lowering the RT-SIRM/area signal (Fig. 4B) as 
observed in previous studies (Matzka and Maher, 1999; McIntosh et al., 

2007; Mitchell and Maher, 2009; Mitchell et al., 2010). Just two road-
side hedge locations (DR, LR) saw a moderate increase (10 % and 15 %, 
respectively) in magnetic loading after the rain event, perhaps indi-
cating throughfall and localised magnetic PM redistribution as well as 
wash-off. Our data also suggest that 7 h of rain was much more efficient 
at removing magnetic PM deposited on leaves' surface than our initial 5 
min washing with a hosepipe (which lowered RT-SIRM signal between 7 
and 31 %); we infer a rain-induced reduction in the leaf SIRM signal by 
up to 70 % or more (approximate indication by dashed line, Fig. 4B) as 
previously reported in different studies (Mitchell and Maher, 2009; Xu 
et al., 2017). Moreover, removal of different-sized PM by rainfall has 
been studied; it has been argued that rain mostly removes larger PM 
(10–100 μm), followed by coarse PM (2.5–10 μm), and fine PM (0.2–2.5 
μm) (Przybysz et al., 2014). 

5. Conclusions 

The efficient deposition of locally derived airborne PM on the leaves 
of a recently installed tredge of western red cedar (Maher et al., 2022) is 
confirmed here by PM and magnetic data and microscopy observations. 
We estimate that the tredge removes ~23 % of the locally derived PM10. 
PM deposition on the tredge leaves is independently evidenced by 
reduced PM10 mass concentrations and a substantial decline in PM 
magnetic signal immediately behind the tredge and at the playground. 
These reductions in magnetic signal are especially obvious from the Ms 
proxy (complemented by both the RT-SIRM and LT-SIRM data) as 
measured behind the tredge and in the playground compared with the 
roadside. Mass concentrations of PM10 and PM2.5 were reduced slightly 
behind the tredge but ultrafine (<100 nm), traffic-derived magnetic 
particles are reduced substantially by the tredge. This indicates efficient 
removal of ultrafine traffic-derived, magnetic particles by the tredge. 
Preferential removal of the very finest (<5 nm) particles is explained by 
a diffusional capture mechanism, a result of the combination of 
increased residence time for air within the tredge and the availability of 
depositional surfaces that are within easy reach of the diffusion distance. 
The mechanism dominantly responsible for the reduced magnetic PM 
signal is PM deposition on leaves, combined with a very small reduction 
in particle concentrations arising from particle dispersion resulting from 
eddy currents generated by the tredge. The slight increase in RT-SIRM 
value at the playground (Site D) compared with behind the tredge 
(Site C) (Fig. 3) can be explained by a sustained source of traffic-related 
magnetic PM making its way either up and over and/or through the gap 
in the installed tredge (see abstract graphical summary). 

Our results confirm that properly designed tredges (i.e., in terms of 
species, leaf density, Vd, permeability, height) installed close to the 
locally derived PM source can effectively, rapidly, and cost-effectively 
mitigate exposure to airborne PM. This finding has major significance 
and value in reducing the present-day exposure of young children, who 
are especially vulnerable, to the deleterious health impacts of traffic- 
derived PM. 
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